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Scope of the thesis 
1 Scope of the thesis 
 
Optically active compounds are of vital interest for the pharmaceutical, agro-food, 
agro-chemical, cosmetic, and perfume industries. A high purity or enantiomeric 
excess is a very important factor, as often only one of the two possible enantiomers 
shows the desired effects on a particular substrate, whereas the other one is 
ineffective at best, or even showes contrary effects [1]. Therefore, the demand for 
optically pure compounds has been increasing at a constant annual rate of 9.4 %, as 
illustrated in Table 1. It can also be seen that the highest combined demand (this 
includes the value of merchant sales as well as captive and contract production) for 
chiral compounds with achieve a maximal value of US $ 15.1 billion in 2005 [2].  
 
Table 1. Combined demand for special chemistry products [2] 
Compounds Million US $ Growth % annual 
 1990 2000 2005 1990-2000 2000-2005 
Chiral compounds 3938 9640 15115 9.4 9.4 
Pharma chemicals 2586 6840 11450 10.2 10.9 
Hormones 421 1520 2605 13.7 11.4 
Anti-inflammatory 616 1435 2130 8.8 8.2 
Cardiovascular 440 1185 1755 10.4 8.2 
Central nervous system 460 920 1355 7.2 8.1 
Respiratory 211 650 1315 11.9 15.1 
Non- pharmaceuticals 1352 2800 3665 7.6 5.5 
Others 438 1130 2290 9.9 15.2 
 
Asymmetric synthesis is an appropriate method to obtain these high added value 
compounds, as one of the enantiomeric pair can now be obtained in high purities in a 
single stage [3]. This has stimulated the design of large scale asymmetric synthesis 
processes. For example, the production of L (–)-dopa, a powerful drug for the 
treatment of Parkison’s disease, is a well established as a practical industrial process 
(approximately 1 t / year, 95% enantiomeric excess) [4]. Other processes have also 
been developed at industrial scale, including the asymmetric hydrogenation of double 
bond C=C, C=O and C=N. While hydrolysis reactions, followed by oxidation reactions 
(mainly dihydroxylation and epoxidation reactions) and C-C coupling reactions have 
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been only developed in either pilot or bench scale. An excellent review on such 
industrial processes was published by Blaser and collegues [5]. 
 
The most important advances of an industrial asymmetric process are the use of 
catalytic amounts of the chiral component (generally expensive), the easy separation 
of the catalyst and reaction products and the re-utilization of the catalyst [6]. Under 
such consideration also continuous processes, which are more productive and 
efficient than batch, should be implemented.  
 
Several mainly chiral organometallic complexes, have been found to be efficient and 
successful catalysts for asymmetric syntheses, using cheaper substrates (prochiral 
substrates) [7]. However, under reaction conditions these catalysts are soluble 
(homogeneous), making it difficult to use conventional separations. The recovery of a 
catalyst free pure product is of vital inportance: for example, in pharmaceutical drugs 
a metal concentration below 10 p.p.m is required [8]. In addition, the separation of 
the catalyst under extreme temperature or pressure conditions, such as distillation 
under vacuum, can lead to the decomposition of the catalyst, degradation of the 
products, high consumptions of energy and waste volume [9].  
 
The heterogenization of homogeneous catalysts is a very important topic for both the 
academic and industrial field. Heterogeneous systems are expected to combine the 
excellent catalytic activity of homogeneous catalysts with their re-use [10]. Most of 
the developed heterogeneous systems use a solid as support or carrier material. 
Organic polymers have also been explored as supports for chiral organometallic 
catalysts, but they are often unsuitable, because of their sensitivity under the reaction 
conditions [11]. In the particular case of oxidation reactions, the polymeric supports 
can easily be degraded both by the oxidizing agent and/or the organic solvent 
(swelling) [12]. 
 
Inorganic supports such as molecular sieves have become of interest in many 
studies in the area of heterogeneous catalysis due to its well defined pore structure, 
which permit the immobilization of organometallic complexes within the pore system 
using different strategies [13]. The immobilization using covalent bonds is the most 
used method, as resulting the catalyst will be very stable to the leaching [14]. 
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However, in this method the functionalization of the catalyst and/or support is 
necessary [15]. Often this proves to be a difficult method [16]. To circumvent this 
drawback, the physical entrapment method in well-defined closed cavities according 
to the "ship-in-a-bottle" concept has received great attention [17]. In particular, in 
Faujasite type zeolites (X and Y), a cubic structure containing broad cavities (1.3 nm) 
interconnected by smaller apertures of 0.74 nm, homogeneous catalysts can be 
retained inside the cavities [18]. However, this strategy is limited due to the molecular 
size of the organometallic complex and to the dimensions of the zeolite cages.   
 
In our group, a procedure was developed to generate mesopores inside microporous 
materials by the removal of framework aluminium in Faujasites type zeolites (X and 
Y), in such way that voluminous chiral organometallic catalysts could be immobilized. 
These materials were shown to be very active in the heterogeneous stereoselective 
epoxidation of α-(–)-pinene and R(+)-limonene [19]. 
 
Mesoporous materials (e.g Al-MCM-41) have also been considered for the 
immobilization of voluminous chiral catalysts, since these have large pores varying 
between 30 and 100 Å [20]. Thus, using this material as support, the diffusion 
limitations found for zeolitic supports can be avoided. However, in this case the 
immobilization by the ”ship-in-a-bottle” concept cannot be used, as its one-
dimensional mesopore structure is directly connected to the surface of the crystallite, 
which facilitates the leaching of the catalyst during the catalytic processes [21].  
 
However, in this case, fixation can be achieved by physical or ionic interactions 
between the catalyst and the solid surface. This can obviously result in a weakly 
bonded immobilization [22]. Therefore, the retention method using covalent bonds is 
applied more commonly. However, using this method the active species may lose its 
capacity for the chiral communication with the substrate during the reaction [23].  
 
In our group an immobilization method without the use of chemical bonds was 
developed. Thus, several enantioselective catalysts were retained just by sorption 
and ionic interaction inside the Al-MCM-41 mesopores [24]. These materials have 
been successfully used in the enantioselective hydrogenation of various prochiral 
olefins [24].  
 3
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The central goal of this thesis is to study the heterogeneous asymmetric epoxidation 
of cis-ethyl cinnamate over Jacobsen’s catalyst immobilized inside the generated 
mesopores of X and Y type zeolites using the ”ship-in-a-bottle” approach, as well as 
immobilized onto Al-MCM-41 internal surface by ionic bond and Si-MCM-41 by 
covalent bond.  
 
(2R,3R)-cis-ethyl phenylglycidate obtained from cis-ethyl cinnamate enantioselective 
epoxidation is a very important intermediate for the synthesis of taxol and taxotère, 
drugs used for the treatment of breast, lung, and ovarian cancer [25]. 
 
This work has been part of the macro-project ”Methods in Asymmetric Synthesis” of 
the Graduiertenkolleg 440 of the chemistry department of the RWTH Aachen 
University.  
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2 Background 
 
2.1 Optically active compounds 
 
These are spatial isomers which are not superimposable onto its mirror image [26]. 
To understand this, it is necessary to know the molecular structure of organic 
compounds. These contain the element carbon, which can form four covalent bonds 
to other atoms. Typically, these bonds are arranged in the shape of a tetrahedron, 
with the carbon atom in the center and each bond pointing to a different corner of the 
imaginary tetrahedron. If the four atoms or group of atoms bonded to this carbon are 
different, then two distinct ways exist to arrange these four atoms around the central 
carbon. The two resulting molecules cannot be rotated in such a way as to 
superimpose one over the other (see Figure 1). These molecules are mirror images 
of each other as our hands are left and right [26]. 
 
Mirror plane
Rotation
Figure 1. Schematic representation of one pair of enantiomers 
 
To predict whether or not a compound is optically active the concept of symmetry is 
used. A molecular structure possesses a symmetry plane, if it can be divided in half 
in such a way that the two halves are mirror images of each other, or if the mirror 
image of the complete molecule is identical (superimposable) to the original molecule 
[27]. 
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These molecules are called achiral. Therefore, a molecular structure that possesses 
a symmetry plane will not be optically active, as it does not possess stereogenic 
centers. A stereogenic center in an organic compound is the structural atom, which 
defines an asymmetric plane [27]. The most common stereogenic atom is carbon, but 
other atoms such as nitrogen, phosphorous and sulfur, can also be stereogenic 
centers [28]. Molecules with at least one asymmetric plane are called enantiomers. 
Such enantiomers exist in pairs; a single one is called an optically pure compound 
[29].  
 
An achiral molecule can be used to obtain enantiomers via an asymmetric synthesis. 
Those are called prochiral molecules [30]. Such molecules for example have double 
bonds (C=C, C=O, C=N), where addition reactions can create stereogenic centers 
(e.g prochiral olefins). A molecule is also prochiral when the replacement of one of 
two equivalent groups produces a stereogenic center (e.g. prochiral diols) [30]. 
 
Optically active compounds were first discovered in the middle of the 19th century by 
the French chemist Louis Pasteur [31]. He observed that the enantiomers of 
potassium tartrate rotated plane-polarized light in opposite directions, but in equal 
magnitude [31]. The rotation of the plane-polarized light in opposite directions (optical 
activity) is the only property that allows to differentiate an enantiomer from the other 
one [32]. Later it has been recognized that optically active compounds are free of its 
other enantiomer in large molecules such as proteins and carbohydrates [33]. 
 
Many chiral compounds are the active components in drugs, insecticides, herbicides, 
flavors, fragrances and food additives [34]. Indeed, considering that large chiral 
molecules are the basic components of living organisms, it should not be surprising 
to find that enantiomerically pure compounds play a dominant role in life science.  
 
Cinchona alkaloids enantiomers, quinine and quinidine are useful naturals drugs 
against malarial and arrhythmic, respectively [35]. In other cases, natural sources are 
unknown or insufficient to satisfy the required volume demand. This is the case for 
taxol, an effective chiral drug for treating different cancer types (breast, lung and 
ovarian). Here, asymmetric synthesis can lead to its commercial production, rather 
than its physical extraction from the bark of the western yew, taxus brevifolia, a very 
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limited natural resource [36]. Therefore, in the last 35 years synthetic chemists have 
studied the transfer of optical activity (chiral induction in the case of catalysts) from 
natural sources, thus producing optically active synthetic compounds, which are not 
readily available in nature. 
 
Enantiomerically pure compounds have also shown interest as specials catalysts to 
speed up a reaction, as well as to provide chiral induction in the products [37]. 
Cinchona alkaloids enantiomers were discovered as active catalysts for the 
asymmetric hydrogenation of olefins [38]. In contrast, the catalysts developed by 
Knowles, Noyori, Sharpless (winners of the chemistry Nobel prize, 2001) and 
Jacobsen and Katsuki were obtained via synthetic routes from natural chiral 
compounds. 
 
To evaluate the optical purity of an enantiomeric mixture, the term “enantiomeric 
excess” (ee) is used, given by equation (1) [39]. 
    
% ee = ( ) ( )( ) ( ) %100×+
−
SR
SR   (1) 
 
In which [R] and [S] are the concentrations of the (R)- and (S)-enantiomer, 
respectively. These symbols refer to the distinct configuration of each enantiomer 
and their assignments depend on the sign of the optical rotation [40]. However, the 
use of the concept of stereogenic centers is preferred, since it is possible to obtain 
information about the spatial arrangement of the substituents around the stereogenic 
atom [41]. The Cahn-Ingold-Prelog convention was created for the assignation of the 
(R) and (S) configuration [42]. Figure 2 illustrates this type of assignation.  
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C C
(R) (S)
c
a
b
d c
a
b
d
 
Figure 2. The Cahn-Ingold-Prelog convention. For each configuration, the atomic 
weight of the substituents linked to the sterogenic carbon follows the order: 
Ma>Mb>Mc>Md 
 
Spatial isomers or stereoisomers that are not mirror images of each other are called 
diastereoisomers [43]. This definition includes both chiral molecules and achiral cis-
trans geometric isomers. The purity of a diastereomer can be evaluated the same 
way as enantiomers. In contrast with enantiomers, the physical and chemical 
properties of diastereomers are different as well, and their optical rotations can differ 
both in sign and magnitude [44]. Figure 3 illustrates the stereoisomers for ethyl 
phenylglycidate. This compound contains two stereogenic centers, which lead to four 
spatial isomers according to the 2n rule (n: number of stereogenic carbon atoms) [45]. 
Among them, there are now two pairs of enantiomers (one pair for each cis-trans 
configuration) and four pairs of diastereomers. 
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(2R,3R)-cis ethyl-3-phenylglycidate (2S,3S)-cis ethyl-3-phenylglycidate
(2S,3R)-trans ethyl-3-phenylglycidate (2R,3S)-trans ethyl-3-phenylglycidate
 
Figure 3. Stereoisomers isomers of ethyl phenylglycidate.  
 
2.2 Sources of enantiomers 
 
There are three methods for the production of enantiomerically pure compounds [46]: 
  
1. The chiral pool approach (enantiomerically pure natural substrates) 
2. Separation of enantiomers via classical resolution 
3.  Asymmetric synthesis 
 
The chirality pool is the rich diversity of natural enantiomers (e.g., carbohydrates, 
terpenes, or alkaloids) easily obtained from plant or animal sources by conventional 
techniques such as extraction or destillation [47, 48]. If in a given reaction the chiral 
component is incorporated in the final product, it is called chiral synthon [49]. In 
contrast, if the chiral component does not appear in the chiral product, it is called 
chiral auxiliary, which can be used either in catalytic or stoichiometric amounts [49]. 
 
The use of the chiral pool, is restricted to the synthesis of chiral compounds with 
commercial availability of the starting material [50].  
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Pasteur developed the second method when he separated the enantiomers of 
potassium tartrate deposited in barrels filled with maturing wines [51]. Here, the 
starting material is an equimolar mixture of the enantiomers, which is called racemate 
or racemic mixture [51]. Three categories for the resolution of racemates exist: 
preferential crystallization, diastereomer crystallization and catalytic kinetic resolution 
(chemical or biological) [52]. The first category is used for racemates which consist of 
a mechanical mixture of the two enantiomers. The separation occurs when the 
racemic mixture is more soluble in a solvent than either of the enantiomers. Most 
racemates form of enantiomeric mixtures that are impossible to separate via 
preferential crystallization. In these cases, the racemate resolution via diastereomeric 
crystallization and kinetic resolution are used. Diastereomeric crystallization is based 
on a reaction between the racemic mixture and a pure enantiomer (resolving agent) 
to form a diastereomeric salt mixture, which can be separated by crystallization [53]. 
 
The most commonly used resolving agents are based on natural products such as L-
(+)-tartaric acid, D(-)-camphorsulfonic acid and various alkaloid bases [53]. A 
pertinent example is the separation of the enantiomers of 1,2-diaminocyclohexane 
with l-(+)-tartaric acid and d(-)-tartaric acid (see Figure 4). These compounds are 
used in the preparation of Jacobsen’s catalyst in its two configurations ((R,R) and 
(S,S)) [54]. 
 
Kinetic resolution also uses a chiral component, that may be of chemical (chiral acid 
or base or chiral organometal complex) or biological origin (enzyme or 
microorganism) [55]. Kinetic resolution can be used when one of the enantiomers of 
a racemic mixture is more readily transformed than the other [56]. More specifically, 
this was the method used by Pasteur in the fermentation of an aqueous solution of 
racemic ammonium tartrate, using a Penicillium glaucum mold as chiral reactant [57].   
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Figure 4. Resolution of the racemates of 1,2-diaminocyclohexane with tartaric acid 
 
Figure 5 shows two more modern examples, the enzymatic kinetic resolution of 
racemic N-acetylamino acids and the chemical kinetic resolution of a secondary 
allylic alcohol, developed by Chibata et al. [58] and Sharpless et. al. [59], 
respectively. 
NHAc
H2O
OH
TBHP
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OH
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NH2
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H O
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*
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(a)
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Figure 5. Catalytic kinetic resolution by (a): biological agent and (b): chemical agent.  
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Although the methods of resolution are responsible for ca. half of the enantio-
enriched drugs, they generally require numerous recycle loops to improve the 
enantiomeric purity, and fractional crystallization to eliminate the undesired 
enantiomer, which industrially is an expensive process [60]. 
 
Asymmetric synthesis involves the creation of a stereogenic center in both an achiral 
or a chiral molecule [61]. There are two types of asymmetric synthesis [61]. The most 
important method uses an achiral or prochiral molecule as staring material and a 
chiral auxiliary, which is economically attractive if it can be used in catalytic 
quantities. This method corresponds to an enantioselective synthesis (truly 
asymmetric synthesis) [62]. A second type of asymmetric synthesis involves the 
preferential formation of a single diastereomer in a chiral molecule [62], the so called 
diastereoselective synthesis. This method does not require a chiral catalyst. Thus, 
the new stereogenic center is induced by the same substrate and the initial optical 
configuration is conserved. In contrast, if a chiral catalyst is used, the optical 
configuration may be inverted [62]. Figure 6 illustrates the two types of asymmetric 
synthesis applied for the epoxidation of olefins.  
HC CH2R + [O]
Chiral catalyst
C CH2
OR
H
R1
H R
2
+ [O]
Achiral catalyst
R2
H R2
CH2
O
(a)
(b)
CH2
 
Figure 6. Types of asymmetric synthesis; (a) enantioselective synthesis; (b) 
diastereoselective synthesis. 
 
Catalytic asymmetric synthesis is generally considered to be most appropriate for 
large scale productions, as with using a minor quantity of usually expensive catalyst 
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large amounts of the desired product can be produced in one single step [63]. 
Although the easy separation and re-use of the catalyst are the main keys to lead a 
commercialized enantioselective process, there are still a number of industrial 
processes in which the isolation of the chiral product and catalyst is still difficult 
(distillation or crystallization). In some cases the catalyst suffers from degradation, 
too [64]. These drawbacks can be overcome by heterogenization of the chiral active 
phase on a solid support [65]. Only now one simple filtration or decantation is 
needed. Therefore, independent of the reaction type, catalyst and special reaction 
conditions, new processes are required using heterogeneous catalysts [66]. 
 
There commonly are two types of chiral chemical catalysts used for enantioselective 
synthesis: chiral acids or bases and organometallic complexes [67]. All these 
catalytic systems have the tendency to be soluble in the reaction medium 
(homogeneous catalysts) [68]. Their recovery and recyclability are therefore limited to 
such conditions. These catalysts have been studied broadly and many of them give 
excellent chemical yields and enantiomeric excesses in various reactions of industrial 
interest, such as hydrogenations, hydroformylations, dihydroxilations, epoxidations, 
hydrolytic kinetic resolution of epoxydes and many more [69]. 
 
At the same time, heterogenization strategies have been developed to improve the 
productivity by recycling the catalyst without loss of its initial activity [70]. The first 
examples of heterogeneous enantioselective catalysts were chirally modified metallic 
catalysts (chiral organic base) on inorganic supports (silica, alumina and carbon), 
used for the hydrogenation of β-ketoesters and α,β-diketones [71]. A most recent 
industrial application is the heterogenization of the Ru-binap organometallic complex 
by grafting on a functionalized organic polymer (cross-linked polystyrene). This 
catalytic system was found to be more efficient than chirally modified metallic 
catalysts [72]. 
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2.3 Homogeneous asymmetric epoxidation 
 
Optically active epoxides are important starting materials for the synthesis of a wide 
variety of biologically and pharmaceutically important compounds, as they are readily 
converted to various useful functional groups with regio- and stereoselective routes 
[73]. For example, pherromones and self-defensive substances against blast disease 
of lepidopteran pests in leukotrienes are well known natural chiral epoxides [74].  
 
The asymmetric hydrogenation of prochiral olefins is the most intensively and 
thoroughly investigated and developed process in asymmetric synthesis. Without any 
doubt, the first breakthrough in asymmetric epoxidation was the Sharpless 
epoxidation for primary allylic alcohols. Thus, 90-99% ee and 70-90% chemical yield 
can be achieved [75]. This powerful methodology uses tert-butyl hydroperoxide as 
oxygen source and titanium isopropoxide-diethyltartrate (DET) as the chiral 
component. Additionally, 3Å or 4Å molecular sieves are introduced for the catalytic 
version [76] (see Figure 7). In this reaction, the allylic hydroxyl group plays a 
fundamental role, in the coordination of the substrate to the chiral titanium complex. 
Thus, a favourable environment for the asymmetric induction can be created by virtue 
of the strong coordination of the alcohol to the titanium metal center. The Sharpless 
epoxidation has also been applied to the kinetic resolution of chiral secondary allylic 
alcohols [78]. However, Sharples’s asymmetric epoxidation resulted to be inefficient 
in the case of unfunctionalized olefins [77].  
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Figure 7. Sharples enantioselective epoxidation for primary alcohols 
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After 10 years, the research groups of Jacobsen and Katsuki reported the 
enantioselective epoxidation of simple conjugated unfunctionalized olefins, catalyzed 
by chiral salen-Mn(III) complexes (see Figure 8) with rather good chemical yields and 
high enantiomeric excesses [79, 80]. These complexes can easily be synthesized 
from a salicylaldehyde derivative, a chiral diamine and a metal ion: some are 
commercially available [81]. Since their discovery, various homogeneous epoxidation 
studies over these organomanganese complexes were made to find the optimal 
reaction conditions [82]. The usual oxygen source is sodium hypochlorite (NaOCl), 
which combines a high chemical yield with acceptable environmental conditions [83]. 
Other typical oxidation agents are iodosylbenzene (PhIO) and m-chloroperbenzoic 
acid (m-CPBA) [84]. Some reports have shown the convenient use of hydrogen 
peroxide (H2O2) [85], O2/aldehyde [86] and Oxone® (2KHSO5●KHSO4●K2SO4) 
derivatives such as dimethyldioxirane (DMD) [87] and tetrabutylammonium 
monoperoxosulfate (Bu4NHSO5) [88]. 
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Figure 8. Jacobsen-Katsuki homogeneous enantioselective epoxidation catalysts for 
conjugated unfunctionalized olefins. 
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The Jacobsen-Katsuki asymmetric epoxidation represents the asymmetric version of 
the achiral olefin epoxidation by salen-manganese(III) complexes, which was 
extensively studied by Kochi and coworkers [89]. These systems are based on the 
structural similarity with the metal(III) porphyrin complex (metalloporphyrins), which 
are the basic units of cytochrome P-450, an oxidizing agent naturally occuring in 
widespread use [90]. Therefore, many results of the catalytic behaviour found with 
these systems can be applied to metallic salen complexes. For example, trans-
disubstituted olefins were found to be less suitable substrates than cis-disubstituted 
due to the unfavourable steric interaction between one of the alkene substituents and 
the organometallic complex plane, which was explained from the side-on approach 
model (see Figure 9) [91].  
O
M
O
M
(a)                                                                 (b)
 
Figure 9. Approximation of the incoming olefin towards the oxometallic species. (a) 
cis-olefins and (b) trans-olefins  
 
Nitrogen containing cyclic compounds such as pyridine derivatives were found to 
accelerate the reaction rate [92]. Although its action mode continues to be a matter of 
debate, it is now generally accepted that the catalytic deactivation by dimerization is 
suppressed [93]. In addition, asymmetric induction in this complex type is improved 
by the reactivity decrease of the active oxidation species, making low reaction 
temperatures favourable [94]. In comparison to metalloporphyrins, the metal-salen 
complexes have the advantage of possessing potentially stereogenic centers much 
closer to the metallic center; in fact, chiral manganese(III) salen complexes 
developed by Jacobsen and Katsuki were based on this concept [95]. In contrast to 
the Sharpless epoxidation, the active species involved in the Jacobsen-Katsuki 
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epoxidation consist of  oxometallic(V) moieties, and the asymmetric induction is 
governed by nonbonding interactions [96]. It has been suggested that both salen-
Mn(III) and salen-oxo-Mn(V) complexes adopt a non-planar conformation during the 
oxygen transfer [97]. Optically active salen manganese(III) complexes have also 
been recognized as excellent catalysts for the oxidation of sulfides and the 
hydroxylation of a C-H bond [98]. 
 
In Figure 8 shows the catalysts developed by Jacobsen and Katsuki, respectively.  
Generally, Jacobsen’s catalysts are more active than Katsuki’s catalysts, although 
the latter gives the best results for trans-disubstituted olefins [99]. Possibly, the 
asymmetric centers at 8* and 8’* in the salen ligand are responsible for the chiral 
communication with trans-olefins, whereas one at 1 and 1’ in the amine bridge favour 
the chiral induction for cis-olefins (see Figure 10) [100]. In addition, the nature of the 
substituents located on the salen ligand play a key role in the appropriate approach 
of the incoming olefin towards the stereogenic center [101]. This can be explained by 
the steric and electronic features of these substituents, which govern the asymmetric 
induction of the catalyst [101]. For example, if they have donor properties, they 
stabilize the reactive oxo-manganese intermediate, which lowers the reaction rate of 
the oxo-transfer step [101]. This increases the enantiomeric selectivity, as then the 
interaction between the olefin and the chiral salen ligand is more intense. On the 
other hand, Cr(III) and Ru(III) salen complexes have shown the best results for trans-
olefins; however, in most cases stoichiometric amounts are required [102]. 
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Figure 10. Common stereogenic centers in a Mn(III) salen complex for the 
enantioselective epoxidation of olefins. 
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Among the numerous substrates, which have been epoxidized using manganese 
salen catalysts, mostly unfunctionalized olefins, a series of cis-cinnamate esters 
(poor-electron olefins) were also successfully epoxidized using Jacobsen’s catalyst, 
sodium hypochlorite (NaOCl) as oxygen source, 4-phenylpyridine N-oxide (4-PPNO)  
as an additive and dichloromethane (CH2Cl2) as solvent [103]. The epoxidation of cis-
ethyl cinnamate afforded 96 % chemical yield and 93 % ee for the cis-epoxide 
((2R,3R)-3-phenylglycidate) [103].  
 
This (2R,3R)-3-phenylglycidate has become of great interest, as it is the starting 
material for the preparation of (2R, 3S)-3-phenylisoserine, the active component of 
the C-13 side chain of the taxol family, which are known to have antitumour activity 
[104] A synthetic four step procedure was found by Jacobsen and coworkers (see 
Figure 11) [104], starting with a partial hydrogenation of the commercially available 
ethyl phenylpropiolate (1), using the Lindlar’s catalyst to give cis-ethyl cinnamate (2). 
In the second step the asymmetric epoxidation of (2) is performed over Jacobsen’s 
catalyst, NaOCl/4-PPNO as oxidation system and CH2Cl2 as solvent. Subsequently, 
the optically active epoxide (3) is treated directly with ammonia in ethanol to generate 
3-phenylisoserinamide (4) in a highly regioselective ring opening. In the fourth step, 
the hydrolysis of the amide was carried out using aqueous barium hydroxide 
(Ba(OH)2) and sulphuric acid (H2SO4), thus obtaining (2R,3S)-3-phenylisoserine (5). 
This material is converted to the Taxol side chain (6) by treatment with a mixture of 
benzoyl chloride and sodium hydrocarbonate (NaHCO3), followed by hydrochloric 
acid [104].  
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Figure 11. Total synthesis of the Taxol side chain according to Jacobsen et al. [104] 
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In this synthesis the asymmetric transformation is the most relevant step, during 
which the optically active epoxide is obtained. Here, the tert-butyl groups located on 
the salen ligand of the Jacobsen’s catalyst (see Figure 12) are crucial for the chiral 
communication, as they conduct the olefin on the top of the amine close to both the 
stereogenic center and oxo-Mn(V) active species according to the side-on approach 
model [105]. Additionally, Katsuki proposed a deeply stepped conformation of the 
oxo-Mn(V) complex, which is formed during the olefin approach [106]. 
N
O
Mn
H C C
Cl
N
O
H
 
Figure12.  (R,R)-(−)-N,N'-bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediamine-  
manganese(III) chloride (Jacobsen’s catalyst). 
 
Chiral dioxiranes obtained from chiral ketones and Oxone® (2 KHSO5 ● 1 KHSO4 ● 1 
K2SO4) have also been demonstrated as suitable catalysts for the enantioselective 
epoxidation of cinnamate esters [107] and cinnamic acid derivatives [108]. These 
catalytic systems do not have any metal, and the oxygen transfer occurs via the 
formation of peroxocarbocylic species [109]. Whit these catalysts, trans-olefins are 
more easily converted than cis-olefins [109]. However, they are less active than 
Jacobsen’s catalyst. In addition, chiral dioxyranes are easily destroyed under reaction 
conditions due to the Baeyer-Villiger oxidation reaction, which is favoured at high pH 
(pH > 10.5) [110]. On the other hand, atomic oxygen sources obtained from Oxone®, 
such as dimethyldioxirane (DMD) and tetrabutyl ammonium monoperoxosulfate 
(Bu4NHSO5) have shown to be excellent oxidants in consideration with Jacobsen’s 
catalyst for the epoxidation of several unfunctionalized and functionalized olefins [87]. 
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DMD obtained from acetone and Oxone® has shown to be a good oxidant for the 
asymmetric epoxidation of chromenes and isoflavones [85], whereas as the use of  
Bu4NHSO5 has only been investigated for unfunctionalized olefins [85]. For DMD a 
mechanism has been proposed in which the formation occurs in a buffered medium 
at pH 7-7.5, as depicted in Figure 13 [112]. 
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Figure 13. Formation of dimethyldioxirane from Oxone® (peroxysulfonic acid, KHSO5) 
and acetone. 
 
According to our knowledge, the Jacobsen epoxidation method is the most powerful 
tool for the homogeneous asymmetric epoxidation of cinnamate esters. Other, similar 
catalytic systems have only been tested for the epoxidation of allylic and cyclic 
unfunctionalized olefins. On the other hand, environmentally attractive oxygen 
sources such as oxygen (O2) and hydrogen peroxide (H2O2), have only been used for 
the epoxidation of unfunctionalized olefins [113]. Some studies with these oxidants 
require the use of an additional component, which is necessary to activate the 
oxidizing agent. However, this may affect the environmental viability. For example, 
asymmetric epoxidations with oxygen generally requires the use of stoichiometric 
amounts of an aldehyde [114]. 
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2.4 Heterogeneous asymmetric epoxidation 
 
To date, many attempts are devoted to the preparation of heterogeneous chiral 
catalysts [115]. Table 2 illustrates some of the strong and weak points both of 
homogeneous and heterogeneous catalysts [66]. Such homogeneous catalysts have 
a well defined molecular structure, which helps to explain their catalytic behaviour. 
However, these catalysts often require special conditions for their handling, and 
generally low productivities are obtained due to the irreversible change of the active 
species during the catalytic cycle [66]. For the homogeneous epoxidation of cis-ethyl 
cinnamate over Jacobsen catalyst, only low Turn Over Numbers (TON) between 20-
45 are obtained [103]. For heterogeneous catalysts the easy separation allows their 
reutilization, therefore better productivities can be expected. It is generally accepted 
that deactivation routes (e.g. the dimerization of Jacobsen's catalyst) can be 
suppressed with the isolation of the homogeneous catalyst on a support material, as 
in this way the interaction between the active species is minimized [116]. Although 
heterogeneous systems are most complex on a molecular level, there are very 
advanced characterization spectroscopic methods that can be used to obtain 
information about the interaction of the active species and the support [117]. Another 
important aspect in the use of heterogeneous catalysts is that reactants and products 
are in a phase different to that of the catalyst. This causes diffusion limitations of 
reactants and products within the support material [118].  
 
Table 2. Strong and weak points of homogeneous and heterogeneous catalysts [66] 
 Homogeneous Heterogeneous 
Strong points Molecular structure known on 
Molecular level. 
 
Easy separation and recovery 
of the catalyst from reaction 
products. 
Better stability and handling. 
 
Weak points High sensitivity. 
From medium to low productivities. 
Difficult understanding on 
molecular level. 
Diffusion limitation to and within 
the catalyst. 
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Both biological as well as chemical catalysts are being heterogenized. However, 
there are more examples for chemical catalysts than biological ones due to the better 
productivities, reproducibility and stability obtained with the first one [5].  
 
Scheme 1 shows an overviews of the different kinds of heterogeneous catalysts for 
enantioselective catalysis. The first category includes chirally modified 
heterogeneous catalysts, both metallic and metal oxides. Among them, metallic 
catalysts modified with low or high molecular weight chiral agents are gaining 
industrial importance for hydrogenation reactions [119], as for example, the 
hydrogenation of α-ketoacetals over cinchona alkaloids modified with platinum 
catalyst [120]. With regard to asymmetric epoxidation, the most representative 
catalytic system was a chiral tantalum tartrate complex grafted on silica gel [121]. 
This heterogeneous system was also useful for the enantioselective epoxidation of 
primary allylic alcohols [121]. Ultimately, the development of organometallic 
complexes as highly active homogeneous catalysts has stimulated their 
heterogenization [122]. Immobilized homogeneous catalysts are the second group in 
this classification. Various strategies have been developed for the heterogenization 
of homogeneous catalysts, most of them including the use of a solid as support or 
carrier material [123]. The supports can for example be an inorganic material or 
organic polymers. Heterogenization of a Ru-binap complex and p- toluolsulfonic acid  
on an organic matrix (polydimethylsiloxane membrane) by chemical bonding 
constitutes a remarkable example in this area. This heterogeneous catalyst has been 
applied to the asymmetric hydrogenation of C=O double bonds [124]. Inorganic 
carriers have the advantage that they usually are resistant to the reaction conditions 
(no swelling) and  they are mechanically stable [125]. In addition, they may be 
functionalized to introduce reactive sites that serve for the fixation of the catalyst, 
either by covalent or coordination bonding [125].  
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Heterogeneous catalysts for asymmetric synthesis  
Chirally modified heterogeneous catalysts Immobilized homogeneous catalysts
Metallic catalysts Metal oxide catalysts modified withlow molecular weight chiral auxiliary. 
Modified with high molecular
weight chiral support
Containing low molecular
weight chiral auxiliary
Catalyst: Pd
Support: Silk fibroin 
Application:
Hydrogenation of an
Oxazolinone derivative
Results: ee < 66 % [119 ]
No practical examples 
for epoxidation
Catalyst: Pt/Al2O3
Modifier: Cinchona alkaloid
Application:
Hydrogenation of α-ketoacetals
Results: ee ~ 50-97% [120 ]
No practical examples 
for epoxidation
Catalyst: Ta-complex/silica gel
Modifier: Tartaric acid
Application:
Epoxidation of primary allylic
alcohols
Results: ee = 98% [121 ]
Catalyst: Ru-binap
Support: Cross-linked
polystyrene
Method: covalent binding
Application: 
Hydrogenation of C=O
Result: ee = 97 [124]
No practical examples 
for epoxidation
Scheme 1. Heterogeneous catalysts for asymmetric synthesis. 
 
Table 3 summarizes the most important strategies for the immobilization of 
homogeneous catalysts when both organic and inorganic polymers are used as 
carrier support [66]. For each one of the heterogenization methods, the 
homogeneous catalyst can be introduced directly or can be prepared in situ. The 
immobilization by covalent bonding is the most frequently used strategy as very 
stable heterogeneous systems can be obtained [126]. This can be performed in 
organic polymers either by copolymerization of functionalized ligands with a suitable 
monomer, or by grafting on a preformed polymer [127]. 
 
In the case of inorganic supports, it is necessary to functionalize the carrier surface, 
and sometimes a functionalization of the homogeneous catalyst is also necessary 
[65]. Using this method excellent catalytic systems for enantioselective 
hydrogenations were developed. They consist of chiral Rh and Ir-diphosphine 
complexes which were immobilized on solid inorganic supports or in organic 
polymers [128]. In addition, organic polymer and silica gel supported Co-salen 
complexes exhibited excellent performance in the hydrolytic kinetic resolution of 
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terminal epoxides [129]. On the other hand, heterogenization processes without 
chemical bonding have also received great attention, since under these conditions 
the catalyst can have a catalytic behaviour very similar to the free unimmobilized 
system. Therefore, the stereoselectivity of the products may be controlled [130]. 
 
For the latter case, the most popular immobilization method is the physical 
entrapment of the homogeneous catalyst by the “ship-in-a-bottle” concept [131]. 
Here, zeolites with well defined pores and cavities are the most suitable materials, 
since the imposed restriction due to their pore size prevents the escape of the 
homogeneous catalyst, resulting in their occlusion in the zeolite’s cavities [132]. In 
this strategy, the metal complex is introduced directly, or is prepared step by step 
inside the well-defined cages of the zeolitic support [133]. Using this idea, Mn 
epoxidation catalysts with different salen ligands were assembled inside zeolite Y 
and EMT [134,135]. However, the entrapped materials are much less active than 
their homogeneous counterparts. On the other hand, when the catalyst is difficult to 
make, but is very stable, the support may be build up around the catalyst. A 
promising example was reported by Jacobs et al. [136], who entrapped Jacobsen’s 
Mn-salen epoxidation catalyst and Noyori’s Ru-binap hydrogenation catalyst in a 
polydimethylsiloxane film. Loss of the homogeneous catalyst by leaching was 
strongly influenced by the size and the solubility of the metal complex and the 
swelling of the polymers [136]. Another strategy without chemical bonds is the 
heterogenization by adsorption properties such as ion pair formation and electrostatic 
interactions [137]. Here, a specific adsorptive interaction rather than the size of the 
metal complex is important for the catalyst fixation in the support [137]. In this 
method, mesoporous materials have widely been used. This choice is based on their 
large pore size (15 to 100 Å), which offers the possibility to retain voluminous 
organometallic catalyst [138]. 
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Table 3. Heterogenization strategies for homogeneous catalysts [66] 
 
 
  
 
Immobilization 
methods 
 
Covalent binding 
   
Adsorption and ion pair formation  
 
 
 
Entrapment or 
“Ship in a bottle” 
approach 
 
Applicability 
 
Problems 
 
 
 
 
Broad 
 
Preparation 
 
Restricted 
 
Competition with solvents and 
substrates 
 
Restricted 
 
Size of substrate
and diffusion 
limitation 
M
L
L
L
L
M
L L
M
M
L L3
Z ZZ
Other strategies for the heterogenization without a carrier material have also 
emerged. Two approaches show some promise. The first is the use of a 
functionalized soluble ligand, separable by extraction with a suitable organic solvent, 
ultrafiltration, or by precipitation by varying of the reaction temperature or the pH 
[139]. The second one uses functionalized catalysts to run the reactions in two non-
miscible liquid phases [140]. However, the separation of the catalyst is not so trivial 
and the technical feasibility of these methods not been demonstrated yet [66]. 
Recently, Kureshy and coworkers [141] have reported an alternative strategy based 
on the change of solubility of the catalyst by increasing its molecular weight. These 
voluminous catalysts were recovered easily by precipitation with hexane and they 
could be reused several times without loss of the catalytic activity [141]. 
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2.4.1 Zeolites 
 
Zeolites are crystalline microporous minerals which are broadly distributed in nature, 
which have been known for almost 250 years. It was the Swedish mineralogist Axel 
Fredrick Cronsted who in 1756 had the honour to discover the so called stilbite. He 
observed that a large amount of steam was obtained upon heating [144]. Therefore, 
this material was named “zeolite”, which stems from classical Greek, where ζεω (zeo) 
means “to boil” and λįθος (lithos) means “stone”. Zeolite structures consist of silicon 
(Si+4) and aluminium (Al+3) cations, which are tetrahedrally coordinated by four 
oxygen anions (O-2), thus forming a macromolecular three-dimensional framework in 
such a way that uniform voids and channels are created in the crystals, with pore 
sizes ranging between 4-12 Å [142]. The aluminium in this polymeric structure 
generates a negative charge, which will be located on one of the oxygen anions 
connected to each aluminium cation, according to Figure 14 [143].  
 
Si
O
Al
H
 
Figure 14. Basic chemical structure of a zeolite [143] 
 
Commonly, the negative charge is compensated by additional non-framework cations 
like sodium (Na+).  
 
Table 4 summarizes the most important discoveries concerning these materials 
chronologically. The first relevant application was for the physical separations of 
liquid or gas mixtures; therefore, they were included in the family of molecular sieves, 
where their well-defined pores system has been recognized to allow separations at 
molecular levels with high selectivities [146,147]. It motivated the first investigations 
about the structural characterization of zeolites, mainly by X-ray diffraction (XRD) 
[148, 149]. At the begining, zeolites were applied as adsorbents in the purification of 
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gas flows to remove water and volatile organic species, and in the separation of 
different isomers and gas-mixtures [154,156]. Nowdays they are also applied in the 
cleaning up of radioactive waste [161]. 
 
However, the major use of zeolites is as ion exchanger, due to its interchanging 
cation (see Figure 14). For example, they remove calcium and magnesium dissolved 
in water in laundry detergents [159].  
 
Furthermore, the enormous interest in these materials is due to their wide catalytic 
applications within industrial areas such as oil refining, petrochemistry, and the 
synthesis of special chemicals [157,158]. Nowadays, zeolites are broadly available 
on a large scale and used in a variety of applications [162]. 
 
In general the major benefit of the zeolites as catalysts is that they contain a unique 
microporous structure [163]. The shape and size of the particular pore system exerts 
a steric influence on the reaction, controlling the adsorption of reactants and 
desorption of products [164]. It is for that reason that zeolite’s micropores can induce 
various kind of shape selectivity (reactant, transition state, and product shape 
selectivity) [164]. Besides the highly favourable role in providing shape selectivity, the 
presence of micropores in some cases limits the catalytic performance of the zeolites 
[165]. For example, titanium silicalate (TS-1) can bring about selective 
heterogeneous epoxidation with aqueous hydrogen peroxide (H2O2), but its catalytic 
activity is limited by the small pore diameter (c.a 5.5 Å); therefore, the oxidation of 
olefins with molecular sizes larger than 5.5 Å has been ineffective [166]. 
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Table 4. Historical events and future application for the zeolites 
Year Event 
1756 Cronsted discovered intumescence of stilbite in blowpipe flame: 
zeolite [144] 
1862 Claire Deville synthesized levynite [145]. 
1896 Friedel developed open-framework idea: occlusion various liquids 
[146]. 
1925 Weigel and Steinhoff discovered the molecular sieve effect (they 
observed that dehydrated chabazite adsorbed water, methanol, 
ethanol, but excluded acetone, ether and benzene [147].  
1927 Leonard used XRD for structural identification [148]. 
1930 Taylor and Pauling determined the first structures [149]. 
1932 McBain introduced the concept of “Molecular Sieves” [150].  
1945 Barrer presented the first classification based on molecular size 
considerations [151]. 
1948 Barrer synthesized synthetic analogue of mineral mordenite [152]. 
1949-1954 Milton and Breck discovered zeolites A, X, and Y [153]. 
1954 Union Carbide commercialized zeolites as separation and/or 
purification materials [154]. 
1955 Breck and Reed reported on the structure of zeolite A [155]. 
1959 Union Carbide developed n/iso-paraffin separation and 
isomerization catalyst based on zeolite Y [156].    
1962 Mobil Oil used zeolite X as cracking catalyst [157]. 
1969 Grace described first modification: steaming of zeolite Y to ultra-
stable zeolite Y (US-Y) [158]. 
1974 Henkel used zeolite A in detergents [159].  
1982 Union Carbide described aluminophosphates (AlPO4) [160]. 
In our days Zeolitic materials are mainly being explored as support materials 
for highly active homogeneous catalysts [162]. 
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Zeolites are generally obtained by hydrothermal synthesis, which consist of water as 
the solvent, a silicon source, an aluminium source, a mineralizing agent and a 
structure-directing agent [167]. The latter component plays a very important role in 
the control of the resulting structures, and in the prediction of a specific structure 
[168]. With regards to this, Lobo et al. [169], have stated some general rules between 
the structure-directing agent and the structure of zeolites with a high silica content: 
 
1. In the absence of structure-directing agent dense crystalline and layered materials 
are obtained. 
2. One-dimensional structures with 10 or 12-ring channels are obtained from linear 
structure-directing agents, for example in the case of mordenite (MOR).  
3. Multi-dimensional zeolites with pore diameters of 4-7 Å are formed when branched 
structure-directing agents are used. Two typical examples are ferrierite (FER) and 
zeolites X and Y (FAU). Ferrierite is a two-dimensional zeolite with 10-ring main 
channels, which are interconnected via smaller 8-ring side channels. Zeolites X 
and Y are three-dimensional structures with large cavities that are interconnected 
by 12-ring channels, which means that there are 12 cations (Si+4 and Al+3) and 12 
O-2 anions present in the ring.  
 
In this thesis the main focus will be on zeolites X and Y, which will be used as starting 
material in order to generate mesopores by removal of framework aluminium. These 
modified zeolites will be used as support for the immobilization of Jacobsen’s 
catalyst.  
 
Although very stable zeolites can be produced, they have one serious limitation; they 
are not able to efficiently process molecules that are larger than their pore diameters 
(maximum 12 Å) [170]. Consequently, these have been a long search for synthesis 
methods that will increase the pore size, and at the same time retain the crystalline 
framework. Many efforts have mainly been made utilising bulky structure-directing 
agents, however, for zeolites this strategy has not been very successful until quite 
recently. This strategy was also found to be applicable to systems containing 
aluminium and phosphorous in the framework, the so-called AlPO4 structures [160]. 
These materials have pore sizes in the range of 13-15 Å, and examples are cloverite, 
VPI-5 and AlPO4-8 [171]. Soon after, related materials such as 
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silicoaluminophosphates (SAPOs) and metal aluminophosphates (MeAPOs) were 
synthesized as well [172]. Common for many of these materials is their lack of 
thermal or hydrothermal stability [173].  
 
The most important advance in the preparation of large pore crystalline materials is 
probably the synthesis of the high silicate zeolite UTD-1 by Balkus et al [174]. UTD-1 
has a one-dimensional pore system consisting of elliptical formed pores with a 7.5х10 
Å diameter, and it is extremely stable compared to VPI-5, AlPO4-8 and cloverite 
[174]. A major drawback, however, is the structure-directing agent, which is a huge 
organocobalt complex [174]. This must be removed, and the remaining Co in the 
pores has to be washed out by acids [174]. This will probably restrict the practical 
applications of this zeolite.  All in all, it can be concluded that large pore crystalline 
materials are not yet very applicable in catalytic processes, even though great 
progress has been made. 
 
Other aspects associated with the pore size is the diffusional behaviour of reactants 
and products in zeolites [175,176]. It is clear that the micropore diameters of zeolites 
and the sizes of the molecules for which are largely applied as catalysts have similar 
dimensions [177]. The migration of molecular species through zeolites therefore 
occurs in close contact with the micropore walls [178]. The driving force for difussion 
is a concentration gradient, which depends on the size and nature of the sorbate 
molecules, the pore-structure and the applied temperature [178]. 
 
The occurrence of diffusion limitation can be used to the benefit of the catalytic 
process, to enhance the selectivity of the reaction. This was demonstrated in the 
toluene disproportionation and xylene isomerization reaction over ZSM-5, where the 
diffusion of the desired product p-xylene is much faster than that of unwanted 
isomers, which can only leave the zeolites micropores easily if they are converted to 
p-xylene [179]. Consequently, the selectivity to p-xylene improves with increasing 
zeolite crystal size and is substantially higher than one would expect from 
thethermodynamic equilibrium [179]. However, in most cases the effective low 
diffusivity in a zeolite crystal limits the reaction rate and yield rather high values for 
the diffusional time constant [180].  
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2.4.1.1 Modification of zeolites 
 
For catalytic applications, sodium ions are mostly replaced by protons (H+) to form a 
bond with the negatively charged oxygen anions of the zeolite [143] (see Figure 14). 
This results in Brønsted acid sites, which have proven to be highly active in acid-
catalyzed reactions such as catalytic cracking, synthesis of fuel and isomerization 
reactions, whereas K+, Co+2, Ba+2 and Sr+2 exchanged zeolites act as basic catalysts 
[181]. The ion exchange depends on the nature, concentration and affinity of the new 
cation [181].  
 
In addition, it is also possible to replace framework atoms (Si and Al) by other ones 
such as Si, B, Ga, Fe, Ti, V. In this way, the acid properties can be changed, on 
active sites for oxidation and/or reduction reactions are generated [182]. 
Isomorphous substitution of Si by Ti or V in silicalite type zeolites led to the discovery 
of powerful oxidation catalysts such as titanium silicalite-1 (TS-1) and vanadium 
silicalite-1 (VS-1) [183].  
 
In many cases the low effective diffusivity inside a zeolite crystal limits the reaction 
rate and yields rather high values for the diffusional time constant [180]. An excellent 
way to overcome diffusion limitations in zeolites micropores is the generation of 
mesopores (size in the range 20-500 Å) [184]. In this way, the micropores of the 
zeolite are effectively shortened and the accessibility of the crystal is largely 
enhanced, because the diffusion in the mesopores is several orders of magnitude 
higher than in the micropores [178].  
 
Moreover, the creation of mesopores in a zeolite crystal increases the number of 
pore mouths that are exposed to the reactant [185]. The effect of the presence of 
mesopores for catalysis is demonstrated for several industrially applied 
processesthat make use of zeolite catalysts: the cracking of heavy oil fractions and 
synthesis of fine chemicals over zeolite Y, and the production of cumene and 
hydroisomerization of alkanes over mordenite [186]. For these processes, the 
mesopores ensure an optimal accessibility and transport of reactants and products, 
while the zeolites micropores induce the preferred shape selective properties [187].  
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At the present, the generation of mesopores in faujasites type zeolites (X and Y) 
plays a key-role in the immobilization of highly efficient enantioselective catalysts for 
the epoxidation of prochiral olefins, using the “ship-in-a-bottle” approach. 
 
The different routes presented in literature for the generation and characterization of 
mesopores in zeolites crystals will be reviewed. Mesopores can be created via 
several routes, including steaming and acid leaching as the most frequently applied 
procedures [188]. The isomorphic substitution of framework Al by Si, using chemical 
agents such as silicon tetrachloride (SiCl4), EDTA or (NH4)2SiF6 has also been 
reported to obtain a dealuminated zeolite with the formation of few mesopores [189]. 
However, with this method it is known that the zeolite structure collapses if the rate of 
extraction of aluminium is much faster than the migration of silicon into the framework 
[190]. 
 
The creation of mesopores in zeolites by hydrothermal treatment is possible in the 
presence of steam [191]. Thermal treatment without steam can create defects in the 
zeolite structure [191]. In addition, the use of steam greatly enhances the mobility of 
aluminium and silicon species [192].  Almost all the work on steaming of zeolites has 
been performed on zeolite Y, although examples of steaming of other zeolites are 
known [193]. Steaming is usually performed at temperatures above 500 °C, with the 
zeolite is in the hydrogen form. During the contact with steam, hydrolysis of Al-O-Si 
bonds takes place. The aluminium is finally expelled from the framework causing a 
vacancy (hydroxyl nest) or partial amorphization of the framework. The amorphous 
material is a source of mobile silicon species, which can heal the vacancies in the 
framework left by the expelled aluminium atoms [194]. Thus, parts of the vacancies 
are filled, while others grow to form mesopores, as depicted in Figure 15. In regions 
of high defect concentrations spherical mesopores are formed during the steaming, 
which are filled with debris from the partial amorphization of the framework and the 
extraction of aluminium from the framework [194]. 
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Figure 15. Schematic representation of the formation of mesopores (adapted from 
Marcilly [194]). (a). Al extraction, (b). Si migration, (c). zeolite with stable mesopores. 
The corners of the squares denote framework silicon and the sides denote the 
chemical bonds between the framework atoms (Si and Al). 
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The extra-framework material in the micro and mesoporous can be extracted by mild 
acid leaching [195]. Zeolite Y with very high mesopore volume of almost exclusively 
cylindrical mesopores can be obtained after hydrothermal treatment at temperatures 
above 100 °C and pressures above 1 bar [196]. This hydrothermal treatment 
deviates from steaming, which is performed with gaseous steam at atmospheric 
pressures. 
 
Although the created mesopores are beneficial, the main disadvantage of steaming is 
the partial amorphization of the zeolite framework [197]. Not only the relative 
cristallinity drops with increasing severity of the treatment, leading to a decreased 
amount of the active phase, also part of the micropores and mesopores are filled with 
amorphous debris, leading to a partial blockage of active sites [198]. Another side 
effect of steaming is that the number and nature of the acid sites is changed by the 
extraction of aluminium [196]. In addition, if only steaming and no acid leaching is 
applied, the bulk Si/Al ratio remains the same, but the framework Si/Al ratio 
increases. 
 
Acid leaching is used for the direct creation of mesopores, without the use of steam 
or the removal of non-framework material created during the steaming process. The 
first method consist of severe treatments with strong inorganic acids, where 
aluminium is removed from the zeolite framework [199]. The effectiveness of this 
technique depends on the zeolite used [200]. Especially in the case of mordenite, 
direct acid treatments are used to generate mesopores [201]. The nature of the acid 
used can be of great influence on the final mesopores structures [202]. Treating 
calcined mordenite with oxalic acid resulted in a much higher bulk Si/Al ratio and less 
mesopores compared to nitric acid [203]. One problem with acid leaching is that the 
Si/Al ratio is changed (Si/Al ratio is increasing), resulting in a loss of active sites 
[200]. For several purposes one would like to separate the contributions of the 
changes of the acid sites and the generation of mesopores in order to study their 
influence on catalytic reactions. With this method, both variables are changed at the 
same time, thus complicating the interpretation of the activity of the catalyst.  
 
The second method is frequently applied because during steaming material is 
extracted from the framework and subsequently deposited in the micro- and 
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mesopores and on the external surface of the zeolite crystallites [195]. A mild acid-
leaching step, with either inorganic acids such as diluted nitric acid or organic 
(complexing) acids such as oxalic acid, dissolves this extra-framework material [195]. 
In this case the mesopores are not actually formed during the acid leaching process 
[200]. Rather, the mesopores formed during the steaming process are emptied, 
resulting in a higher mesoporous volume compared to zeolites that have only been 
steamed [200].  
 
The most widely applied technique to study the size and surface area of mesopores 
in zeolites is nitrogen physisorption. Already from the shape of the nitrogen 
adsorption and desorption isotherm valuable information on the presence and shape 
of the mesopores can be deduced [195, 199].  
 
In Figure 16, typical curves for the nitrogen adsorption-desorption of some 
dealuminated zeolites Y are displayed. The NaY zeolite without mesopores will give a 
type I isotherm, whereas after the formation of mesopores a combination of type I 
and IV isotherms is found, as is observed for the three different dealuminated zeolite 
Y [199]. The existence of a hysteresis loop in the isotherms is an indication for the 
presence of mesopores, whereas the shape of the hysteresis loop is related to the 
shape of the mesopores [199]. Roughly, a vertical hysteresis loop is indicative of 
cylindrical mesopores, whereas a horizontal hysteresis loop indicates ink bottle-type 
mesopores [199]. From the presence and shapes of the hysteresis loops in Figure 
14, it is obvious that by varying the steaming treatment different amount and forms of 
mesopores can be created.  
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Figure 16. Nitrogen adsorption and desorption isotherms on a series of zeolites Y (a): 
zeolite NaY, (b): steamed once, (c): steamed twice and acid leached, (d) 
hydrothermally treated by gaseous vapour (H2O) at temperature over 100°C and 
atmospheric pressure [199]. 
 
For the analysis of the nitrogen physisorption data several methods are available. 
Very often only the BET surface area of the material is given. Since for microporous 
materials the boundary conditions for multilayer adsorption are not fulfilled, the 
reported BET areas have no physical meaning [203]. They should be understood as 
a number proportional to the total micropore volume rather than the specific surface 
area [203]. 
 
A valuable tool for the analysis of the external surface area is the t-plot method [204]. 
The external surface area is the total surface area of all meso- and macropores. If the 
crystallite size remains the same during the formation of mesopores the difference 
between the external surface areas of the parent and the treated zeolite is the 
surface area of the mesopores created [204].  
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Another method that is often applied is the Barret-Joyner-Halenda method (BJH), 
which uses the desorption branch of the nitrogen isotherms to calculate the pore size  
distribution and the adsorbed volume [205]. Up to approximately 4 nm diameter the 
BJH method gives a reasonable good pore size distribution based on the Kelvin 
equation [205]. However, below a pore diameter of 2 nm the Kelvin equation is not 
valid anymore and, the area between 2 and 4 nm is prone to errors if a hysteresis 
loop is present [205]. In that case a huge amount of nitrogen is released at once 
between a relative pressure of 0.38 and 0.44, which is visible as the closing of the 
hysterisis loop in the isotherm. The BJH method correlates the volume of released 
nitrogen via the Kelvin equation to pores of 3-4 nm diameter [205]. This is not always 
correct, since ink bottle type of pores with pore necks smaller than 4 nm diameter 
also release their nitrogen between a relative pressure of 0.38 and 0.44 [206]. Many 
examples are known where people claim that uniform pores of 4 nm diameters are 
formed, which do not change during more severe treatments [207]. Sometimes the 
BJH method is applied to the adsorption branch of the nitrogen isotherm. However, 
many programs treat the adsorption isotherm as if it was a desorption isotherm in 
order to apply the BJH method. This results in errors in the calculated pore size 
distribution. Therefore, care should be taken when the BJH method is applied to the 
adsorption branch [208].  
 
On the other hand, electron microscopy and electron termographic are methods that 
are being developed to obtain information on the three-dimensional shape, size and 
connectivity of the mesopores [202, 209].  
 
Various applications have been developed to show the positive effect that the 
combination of micropores with mesopores has, mostly concerning the use of zeolite 
Y cracking catalysts applied in the hydrocarbon processing industries [210].  
 
The synthesis of fine chemicals in mesopores, created mainly in zeolite Y, has been 
reported [211]. However, diffusion limitation effects play a major role due to the bulky 
size of the molecules involved in the process [13]. With regard to this, in our group, 
the beneficial role of mesopores in zeolite Y was confirmed for the selective 
isomerization of α-pinene oxide. Dealuminated zeolite Y exhibited high selectivities 
towards the preferred campholenic aldehyde. 
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After exposing this material to a mild acid treatment, a much higher activity as well as 
a slightly enhanced selectivity was observed. This was explained by the fact that the 
mesopores formed during the steaming process are emptied by the acid treatment, 
resulting in a higher mesopore volume compared to the sample that was only 
steamed. The mesopores allow for a good diffusional transport of large organic 
molecules, even at the low temperatures that are often favored in asymmetric 
synthesis [17]. 
 
Later, a combination of various steps of dealumination on zeolites X and Y was 
performed to obtain mesopores surrounded by micropores as depicted in Figure 17 
[212]. In the first step, framework aluminium was removed at 250 °C using silicon 
tetrachloride (SiCl4) as silicon source. This isomorphic substitution did not create 
mesopores, but was performed to protect the crystalline structure of the zeolite during 
the subssequent dealumination with steam at 600 °C and  850 °C during which the 
mesopores, were formed. Finally, the extra-framework alumina formed during the 
steaming step was removed from micro- and mesopores by mild leaching acid using 
diluted hydrochloric acid at pH = 2.7.  
 
 
 
 
 
 
 
Figure 17. Generation of mesopores inside Faujasite type zeolites [212]. 
 
In the newly created mesopores, various highly active organometallic complexes for 
asymmetric epoxidations were assembled [213]. These organometallic complexes, 
which were formed out of their building units (active amine and salicylaldehyde 
moieties), are entrapped by the microporous system which surround the created 
mesopores according to the “ship-in-a-bottle” approach. Extraction with solvents was 
used to remove any immobilized species from the surface of the crystallite. The 
activity of these materials for the diastereoselective epoxidation of (–)-α-pinene and 
R-(+)-limonene using oxygen and pivalaldehyde as oxidation system was 
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investigated [214]. The catalytic behaviour for the epoxidation of (–)-α-pinene using 
(R,R)-(N,N’)-bis(3,5-di-tert-butylsalycilidene)-1,2-diphenylene- 1,2-diaminocobalt 
[214] was comparable with that of the un-immobilized complex (homogeneous 
catalyst) was obtained. 
 
2.4.1.2 Zeolites as support for asymmetric epoxidation catalysts 
 
Zeolites are the most popular support to immobilize organometallic complexes, since 
they consist of an inert porous structure with highly specific surface areas [215]. In 
particular, the well-defined cavities of the faujasites zeolites X and Y, with cavities 
almost spherical of 12 Å and EMT zeolite, with hypercages of 13*13*14 Å, are 
attractive for the immobilization of active homogeneous catalysts using the “ship-in-a-
bottle” concept [216]. Obviously, this method depends on the respective sizes of the 
complex and the cage that serves as host [216]. Therefore, the catalyst is held 
sterically, thus preventing leaching during the reaction. 
 
The encapsulation of manganese (III) salen complexes in zeolites was 
simultaneously described by two groups, respectively using zeolite Y and EMT 
zeolite [134, 135]. The first group reported that a trans-(R,R)-(1,2-
bis(salicyideneamino)-cyclohexane manganese complex, analogous to the 
Jacobsen’s catalyst without tert-butyl groups, could be fitted into the cages of zeolite 
Y [134]. The preparation of this material consisted of the introduction of Mn+2 ions by 
ion exchange, followed by addition of the building units of the chiral ligand 
(salicylaldehyde and trans-(R,R)-1,2-diaminocyclohexane), as shown in Figure 18. 
The activity of this catalyst in epoxidation of unfunctionalized olefins using sodium 
hypochlorite (NaOCl) as the terminal oxidant was investigated [134], and the rates of 
the reaction for the heterogeneous catalyst were lower than the rates of the 
homogeneous, which was explained with the restrictions imposed on the diffusion of 
both substrate and products through the micropores of the zeolites [134]. Despite 
this, comparable conversions were obtained for the indene and styrene epoxidations 
[134]. In all cases a decrease in enantiomeric excess was observed upon 
immobilization, although moderate enantioselectivities could be obtained for cis-β-
methyl styrene (e.e. of 58 % for the trans-epoxide) and indene (e.e. of 50%). The 
slightly reduced enantioselectivities were interpreted as a combination of a non-
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catalyzed, non-selective epoxidation reaction in the liquid phase and/or the existence 
of residual amounts of non-complexed Mn+2 acting as catalytic sites [134].On the 
other hand, it has been suggested that the confinement effect of the zeolite may also 
play an important role, since the zeolite is a rigid structure and the catalyst is a close 
fit within the supercages [217]. This may subtly effect the conformation of the ligand 
by preventing changes to ligand geometry during the heterogeneous reaction.  
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Figure 18. Immobilization of a (salen)Mn(III) complex in zeolite Y by encapsulation 
[134]. 
 
The second group used the larger cages of the EMT structure for the accommodation 
of a larger complex, carrying methyl groups on positions 5* and 5’*, and tert-butyl 
groups on 3* and 3’* in the salen ligand [135]. Here, the activities of the 
heterogeneous catalysts were lower, but enantioselectivities were unchanged [135]. 
Addition of pyridine N-oxide to the zeolites increased both activity and 
enantioselectivity significantly [135]. For example, an enantiomeric excess of up to 
88% was obtained for cis-β-methyl styrene. In these heterogeneous catalytic systems 
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it could be proved that a hindered access led to the lower conversions if bulky 
oxidants such as iodosylbenzene (PhIO) instead of NaOCl were used [135]. 
 
Both groups reported that the reaction takes place in the intrazeolite space and any 
leaching was observed [134,135]. However, no recyclability experiments were 
reported. 
 
To overcome the problem of complex size and unfavourable interactions between the 
complex and the support our group developed a sequential combination of 
dealumination steps on zeolites X and Y (see Figure 17) [212]. These catalysts were 
tested for the diastereoselective epoxidation of α(–)-pinene and R-(+)-limonene, 
using molecular oxygen as oxidizing agent and pivalaldehyde as sacrificial aldehyde 
[214]. The best results (100 % conversion, 96 % selectivity and 91% diastereomeric 
excess) for α-(–)-pinene were obtained over a (R,R)-(N,N’)-bis(3,5-di-
tertbutylsalycilidene)-1,2-diphelyne-1,2 diaminocobalt complex (see Figure 19). 
These catalysts were reusable without an appreciable loss of activity, and the 
materials did not suffer from leaching [214]. These catalytic systems represent the 
development of a truly heterogeneous processs. However, they were reported to be 
inactive for the enantioselective epoxidation of prochiral olefins [218]. 
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Figure 19. Highly diastereoselective epoxidation of α-(–)-pinene over a Co-salen 
complex immobilized on partially dealuminated zeolite Y [218]. 
 
In a recent study, a Jacobsen type salen complex, with sulfonato groups (SO3-) in 5* 
and 5’* position on the aromatic ring, was immobilized in the interlayer space of the 
Zn(II)-Al(III) oxides containing hydrotalcite [219]. This material was active in the 
diastereoselective epoxidation of R-(+)-limonene, under identical conditions reported 
by our group [218]. In contrast, the stability of the complex was explained by the 
electrostatic interaction between sulfonato groups and positively charged support 
layers [219].   
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2.4.2 Mesoporous materials 
 
According to the IUPAC-rules, mesoporous materials have pore diameters ranging 
from 20 to 500 Å [220]. The most promising materials in this group were reported in 
the late 1980s and early 1990s. In 1988 Yanagisawa et al. [221] reported the 
synthesis of ordered mesoporous materials with narrow pore size distributions and 
large surface area. These materials were prepared from the layered polysilicate 
kanemite [222]. The first formation mechanism included a two-step sequence in 
which first the Na+ ions in the kanemite interlayers are ion exchanged by 
alkyltrimethyl ammonium cations, and second, the flexible kanemite layers fold and 
cross-link to each other, thus forming the inorganic framework [223]. Also, it has been 
proposed that in the second step a reorganization of the kanemite layers occurs 
under influence of the polar head groups of the surfactants [224]. 
 
In 1992 researchers of the Mobil Research and Development Corporation published 
the synthesis of a new group of mesoporous materials, designated M41S. These 
materials are also characterized by narrow pore size distributions, tunable from 15 to 
100 Å and large surface areas [225]. The main groups of this family are MCM-41, 
which has a one-dimensional, hexagonally ordered pore structure, MCM-48, which 
has a three-dimentional, cubic pore structure, and MCM-50, which has an unstable 
lamellar structure. These materials are fundamentally different from zeolites by the 
fact that the pore walls are amorphous. The ordering lies in the pore arrangements 
[226]. The M41S materials have attracted far more scientific interest than the 
materials derived from kanemite, even though studies have revealed that their 
physico-chemical properties are quite similar [227]. 
 
For the M41S synthesis four basic components are used: the structure-directing 
surfactants, a silica source, a solvent, and an additive (an acid or a base) [225]. In 
their pioneering work on the M41S materials, the Mobil researchers used 
alkyltrimethyl ammonium halides as the structure-directing surfactants and 
combinations of sodium silicate, tetraethoxy silicate (TEOS), fumed silica and Ludox 
as the silica source [225,226]. Sodium hydroxide or tetraethyl ammonium hydroxide 
was used as basic additive to the aqueous synthesis solutions. In the case of 
aluminosilicate materials, an aluminium source (normally, aluminium isopropoxide) 
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was added as well. The synthesis solutions were kept at temperatures ranging from 
100 to 150 °C for 24-144 h. The solid product recovered by filtration is calcined at 
540 °C under a gas-flow of nitrogen followed by air, resulting in porous structures 
[225]. The Mobil researchers found that the relative concentrations of the species 
present in the synthesis solution were of great importance for the final pore 
structures. They also showed that the pore diameter of MCM-41 increases as the 
chain length of the surfactant increases [228]. Later on, modified synthesis methods 
that improved the long-range structure of MCM-41 were suggested [229, 230]. 
 
The synthesis mechanism of M41S materials has been suggested to follow a liquid 
crystal templating (LCT) mechanism due to its remarkable similarity with the lyotropic 
liquid crystalline phase and the fact that the pore sizes were tunable from 15 to 100 
Å, either by varying the chain length of the surfactants or by adding an organic agent. 
In the model two different reaction pathways were proposed [231]: 
 
1. The silica or aluminiumsilica framework is formed around pre-existing liquid 
crystalline phases. 
2. The addition of inorganic species somehow affects the assembly of surfactants 
into ordered arrays. 
 
Other studies claimed that surfactants in solution conduct the ordering of the 
materials, but the type of interactions between the surfactants and inorganic species 
are viewed differently [232]. Stucky and co-workers [233] have done the most 
extensive studies on the formation mechanism of the mesoporous structure. They 
developed a cooperative model that describes the formation of surfactant-inorganic 
materials [233]. This is a dynamic model and no preorganized organic arrays are 
necessary. If such an array is present, another array configuration can be expected in 
the final structure. Generally, the synthesis was assumed follow an organization of 
hydrophobic and hydrophilic entities into a biphasic composite material [233]. 
Therefore, three types of interactions are involved in this cooperative process: 
inorganic-organic, organic-organic and inorganic-inorganic interactions [233]. 
 
For catalytic applications the siliceous mesoporous materials do not have enough 
intrinsic acidity to be catalytically active. However, catalytic activity can be created by 
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modification of the siliceous framework by other elements (often metals). This may be 
done in several ways. One method is direct addition of extra precursors to the 
synthesis solution. Hence, the modifying elements are incorporated into the structure.  
Another possibility in this method is to modify the materials after a desired structure 
has been synthesized [170]. A second method is the deposition of metal in the 
structure by the so-called incipient wetness impregnation technique. 26-30 % of the 
silicon atoms were connected to hydroxyl groups to form so-called silanol groups 
(SiOH) [234], which are attractive anchor sites for the attachment of organic 
compounds. Generally, silylation procedures are performed to find the appropriate 
linker for the immobilization of catalytic organometallic structures (chemical bonding 
method) [235]. 
 
Most studies on modified M41S materials are based on aluminium containing 
materials due to its acidic properties similar to zeolitic materials [236]. For Al-MCM-
41, it is generally accepted that tetrahedral aluminium is incorporated into the wall 
structure, while octahedral aluminium is regarded as extra framework species [237]. 
In most cases, cationic surfactants as structure-directing agents have been applied in 
the synthesis of these materials. After calcination, they are replaced by Na+ cations 
[238]. This fact has permitted the incorporation of other non-framework cations, thus 
creating new catalytic properties similar to zeolites [236]. On the other hand, 
incorporation of transition metals into the wall structure is necessary for the 
preparation of mesoporous redox-catalysts. Due to the success of titanium-containing 
zeolites in selective oxidation reactions, titanium modified mesoporous materials 
were found to be very interesting for similar processing of larger molecules [239]. Ion 
exchange is an easy strategy to incorporate metallic and organometallic catalysts, 
but the stability of the incorporated species is very weak compared to directly in the 
structure incorporated species [240].  
 
The most valuable methods for structure elucidation of mesoporous materials are 
powder X-ray diffraction (XRD), transmission electronic microscopy (TEM) and 
adsorption-desorption measurements [170]. XRD provides direct information of the 
pore architecture [241]. For mesoporous materials, the diffraction patterns only have 
reflections in the low-angle range, meaning 2θ less than 10, without reflections at 
higher angles [170]. It can therefore be concluded that the pore walls are mainly 
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amorphous. TEM is a powerful tool to visualize different pore ordering [242]. 
Adsorption-desorption techniques are used to determine the porosity and surface 
area. The most common adsorbate is N2 at 77 K [243]. According to IUPAC 
definitions, mesoporous materials exhibit a type IV adsorption-desorption isotherm 
[220]. At low relative pressure (p/po) the adsorption only occurs as a thin layer on the 
walls (monolayer coverage). Depending on the pore size, a sharp increase is seen at 
relative pressures between 0.25 to 0.5, which corresponds to capillary condensation 
of N2 in the mesopores. The sharpness of the inflection reflects the uniformity of the 
pore sizes and the height indicates the pore volume. A hysterisis effect is often 
observed for adsorption-desorption isotherms when the pore diameter is larger than 
approximately 40 Å [170]. Another important characterization technique for 
mesoporous materials is solid-state nuclear magnetic resonance (NMR). 29Si MAS 
NMR spectroscopy has been used to study the degree of condensation in the pore 
walls. Their structure is found to be quite similar to amorphous silica, and usually two 
or three broad signals (at –89/-92, -98/-102 and –108/-111 ppm) are observed. Which 
can be assigned to Si(OSi)2(OH)2-, Si(OSi)3(OH)- and Si(OSi)4 groups, respectively 
[244]. 
 
27Al MAS NMR spectroscopy can be used to distinguish between tetrahedrally and 
octahedrally coordinated framework aluminium (at 50 and 0 ppm, respectively) [245]. 
Hence, dealumination processes can be evaluated [246]. Also, diffuse reflectance 
FT-IR and UV/vis have been used to obtain information on the incorporation of other 
elements into the siliceous framework, or those incorporated as compensation 
cations [247]. Information about the oxidation state and local coordination geometry 
of the transition metals can be obtained by X-ray Photoelectron (XPS), X-ray 
Absorption Near Edge Structure(XANES) and Extended X-ray Absorption Fine 
Structure Spectroscopy (EXAFS) [247]. 
 
2.4.2.1 MCM-41 as support for asymmetric epoxidation catalysts 
 
Mesoporous materials like siliceous and Al-MCM-41 are popular supports to 
immobilize bulky catalytic species, since these materials have pore sizes in the range 
of mesopores (15 to 100 Å) [122]. The three-dimensional pore system of MCM-48 
has the advantageous that the interior of the particles is more readily accessible 
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because the pore openings are not restricted to one direction; therefore, pore 
plugging problems are probably less [248]. However, for this material, few practical 
examples about the immobilization of organometallic catalyst are known.  
 
Covalent attachment is the method mostly applied to immobilize catalytically active 
organometallic complexes on the Si-MCM-41 internal walls [65]. The most important 
drawback of such heterogenized systems is the fact that the catalyst’s ligand has to 
be functionalized, which can lead to an unfavourable geometrical conformation for 
the chiral communication of the active species with the substrate [65]. This shows 
that the tert-butyl groups of Jacobsen’s catalyst that not only serve to derivatize the 
complex and subsequently link it to a support, but they are also crucial in inducing 
enantioselectivity in the epoxidation reactions [105].  
 
The immobilization of Jacobsen’s catalyst by covalent tethering has been studied 
extensively [65]. First, a covalent link is formed between the silica support carrying 
Si-H groups and the vinylfunctionalized ligand (see Figure 20). In this study, the 
choice of oxidizing agent was crucial. A considerable amount of chlorinated by-
products were obtained when using sodium hypochlorite (NaOCl) as oxygen source, 
whereas meta-chloroperbenzoic acid (m-CPBA) only resulted in moderate 
enantioselectivities. The best catalytic activities were obtained using iodosylbenzene 
(PhIO), although there is a slight decrease after regeneration [249]. 
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Figure 20. The immobilization of Jacobsen’s catalyst on silica according to the 
Janssen et al. [249]. 
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A considerable number of papers have included the functionalization of the MCM-41 
internal surface by silylation as previous step to the immobilization. It consists of a 
reaction between the surface silanol groups and a silylation agent in order to provide 
the appropriate linker which forms a covalent bond with the catalyst [250]. The most 
popular silylation agent is 3-aminopropyl trimethoxysilane (APTES) [251]. For 
example, Kim et al. [252] reported a salen complex immobilized on the surface of 
mesoporous MCM-41 in a step by step manner. Reacting APTES with MCM-41 
molecular sieves resulted in a modified MCM-41 with a free amino group, which was 
used to connect the salen ligand. A multifunctional group aldehyde 2,6-diformyl-4-
tert-butylphenol was attached to MCM-41 through imine bond formation. Thus, with 
different chiral diamines and different substituents on the benzene ring, a variety of 
Mn(III)-salen complexes (including Jacobsen’s catalyst) were attached to molecular 
sieves (see Figure 21), and were tested for the asymmetric epoxidation of styrene at 
–78 °C, using m-CPBA/NMO as oxidant. The best results were 89 % ee at 92 % 
conversion after 4h of reaction [252]. In comparison, 84% ee at 97% conversion after 
45 min was observed over the homogeneous catalyst. The authors reported that the 
catalyst could be reused at least 4 times without activity loss, although experimental 
data of recyclability were not provided [252]. 
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Figure 21. The immobilization of Jacobsen’s catalyst on Si-MCM-41 according to Kim 
et al. [252]. 
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More recently, Biggi et al. [253] reported the heterogenization of Jacobsen’s catalyst 
using a longer linker in order to improve the access of the olefin to the metal center 
during the reaction (see Figure 22). This material was tested in the asymmetric 
epoxidation of various unfuntionalized olefins using m-CPBA/NMO as oxidation 
system. Again, heterogenization of the catalyst did not cause a significant decrease 
in enantioselectivity, although the conversion was affected tremendously [253]. The 
lower yield could be attributed to diffusion limitations inside mesoporous structure. 
The catalyst supported on non-mesoporose silica showed similar enantiomeric 
excesses, and in addition a positive effect in the catalyst recycling [253]. 
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Figure 22. The immobilization of Jacobsen’ catalyst on Si-MCM-41 or silica gel 
according to Bigi et al. [253]. 
 
In earlier work, Pini et al. [254] studied the immobilization of Jacobsen’s catalyst on 
silica gel by forming a sulphide link between the ligand and an organically modified 
silica, using the two methods showed in Figure 23. 1,2-dihydronaphthalene, indene 
and 1-phenyl cyclohexane were epoxidised with enantioselectivities of 31%, 38% and 
58%, respectively. However, neither comparison with homogeneous system nor 
recyclability results were reported [254]. 
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Figure 23. The immobilization of Jacobsen’ catalyst on silica gel according to Pini et 
al. [254]. 
 
The presence of Al in Al-MCM-41 gives the possibility to incorporate highly active 
catalytic species by ion exchange. In particular, their larger pore size is attractive to 
retain organometallic complexes [122]. Frunza et al. [255] reported a series of 
molecular sieves, including Mn(III) salen complexes obtained by simple impregnation 
on mesopores structures (see Figure 24). Guest/host interactions, mainly between 
aromatic rings of the complex and the internal silanol groups of the walls of the 
mesoporous structures, were claimed to be stable. The epoxidation of 1,2-
dihydronaphthalene with NaOCl proceeded with exactly the same enantioselectivity, 
but with lower conversions than the homogeneous reaction. The conversion 
reduction was explained by the lower content of catalyst on the support. The 
reusability of the catalyst was not tested [255]. 
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Figure 24. The immobilization of Jacobsen’ catalyst on Al-MCM-41 according to 
Frunza et al. [255]. 
 
Also, Hutchings et al. [256] reported an immobilization method for this complex based 
on ion exchange. The salen ligand was connected with a Mn exchanged Al-MCM-41 
by refluxing in dichloromethane to give the salen incorporated molecular sieves (see 
Figure 25). The asymmetric epoxidation of cis-stilbene and iodosylbenzene as 
oxygen donor gave slightly lower enantioselectivities than the homogeneous 
reaction. 
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Figure 25. The immobilization of Jacobsen’ catalyst on Al-MCM-41 according to  
Hutchings et al. [256]. 
 
In the last two reports, recycle experiments were not provided. In general, it is 
accepted that the immobilization by physical interaction is too weak, therefore, the 
homogeneous catalyst will readily leach into solution as the catalyst will reach 
equilibrium between the surface adsorbed species and solution species [65].  
 
A combination of covalent attachment and electrostatic interaction has also been 
used to immobilize Jacobsen’s catalyst (see Figure 26). This material was used for 
the asymmetric epoxidation of α-methylstyrene, using NaOCl as oxidant and 
dichloromethane (CH2Cl2) as solvent. Similar enantioselectivities and less conversion 
than the homogeneous reaction were obtained. The conversion could be improved 
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when polar solvents such as acetone and ethanol were used. It was shown that the 
catalytic species are mainly anchored in the mesopores of MCM-41, since reaction 
with 1-phenyl cyclohexane (substrate too large) was not observed. This material 
could be reused three times, without a notable loss in activity [257]. 
 
Figure 26. The immobilization of Jacobsen’ catalyst on Si-MCM-41 according to Li et 
al. [257] 
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Zhou et al. [258] reported another similar strategy for the immobilization of a Cr(III) 
salen complex (see Figure 26). In this work, the unmodified Cr-binaphthyl Schiff base 
was coordinated to an amine ligand, which was previously attached covalently to the 
walls of Si-MCM-41. The activity of this material was studied with the epoxidation of a 
series substituted styrenes, using iodosylbenzene as the oxidant. The best results 
were achieved with 4-chloro styrene (65% yield and 65% ee). Under identical 
conditions the heterogenized catalyst gave significantly higher enantioselectivities 
than the free catalyst. This was attributed to the enhanced stability of the chromium 
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complex upon immobilization, or the unique spatial micro-environment constituted by 
both the chiral binaphthyl Schiff base ligand and the surface of the support. The 
catalyst was recycled 4 times, both with yield and ee decreasing strongly after the 
second reuse [258].     
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Figure 27. The immobilization of a Cr(III) salen complex on Si-MCM-41 according to 
Zhou et al. [258]. 
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3 Results and discussion 
 
3.1 Motivation and goal 
 
According to our knowledge the heterogeneous enantioselective epoxidation of 
functionalized olefins (electron poor substrates) has only been studied for olefins 
containing hydroxyl groups (allylic alcohols), over catalytic systems as developed by 
Sharples and Katsuki [75]. In their studies re-use of the catalyst was not investigated. 
Another important type of functionalized olefins, cinnamate ester derivatives, have 
been efficiently homogeneously epoxidized with high enantioselectivities, using a 
chiral Mn(III) salen complex developed by Jacobsen et al., commonly denoted 
Jacobsen’s catalyst [104]. However, this process is commercially not viable due to 
the high cost of the used catalytic system [5]. Therefore, the catalyst should be 
recovered and re-used without a loss of its catalytic properties [65]. This often proves 
to be difficult. A method for overcoming this difficulty is by immobilizing the 
asymmetric catalyst on a non-soluble support, thus creating a chiral heterogeneous 
catalyst, which can easily be recovered from reaction mixtures [122].  
 
The goal of this thesis is to study the heterogeneous asymmetric epoxidation of cis-
ethyl cinnamate, using the catalytic system developed by Jacobsen. The epoxide 
(2R,3R)-ethyl 3-phenylglycidate is an important intermediate for the synthesis of the 
(2R,3S)-3-phenylisoserinamide, which is used for the total synthesis of the C-13 side 
chain of taxol [25]. Taxol is an important chiral drug against different types of cancer 
[25]. Furthermore, some other unfunctionalized olefins (styrene and 1,2-
dihydronaphthalene) have been included to determine correlations between the 
catalyst activity and recyclability with substrate’s nature. Zeolites modified by 
dealumination [212] and MCM-41 (with and without Al) are used as the supports. The 
“ship-in-a-bottle” approach was chosen to be the appropriate method in modified 
zeolites, whereas immobilization by chemical bonds (ionic or covalent bond) was 
used in MCM-41. 
 
Porous inorganic solids, such as zeolites and mesoporous materials, were chosen as 
appropriate supports for the immobilization of homogeneous catalysts due to their 
high chemical and mechanical stability [14]. On the other hand, their well-known pore 
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structures not only allow possible shape selectivity, but they can also offer the 
catalyst an appropriate environment to form the required geometrical conformation 
which leads to an efficient stereochemical communication between the active species 
and substrate [65]. Recently, our group, reported on a Co(II)-salen-complex 
entrapped inside the intrazeolitic space of a USY-zeolite according to the “ship-in-the-
bottle” method, adopting a distorted geometrical conformation, which was responsible 
for the observed high asymmetric induction in the transhydrogenation of 
acetophenone at higher temperatures (25 °C), while the homogeneous system has to 
be cooled down to -10°C [259]. 
 
Most works on the heterogenization of Jacobsen type catalytic systems was done for 
the unfunctionalized olefin epoxidation [260]. This is the first investigation on the 
heterogeneous epoxidation of a functionalized olefin (cis-ethyl cinammate). 
Generally, it is accepted that electron poor olefins are less reactive than 
unfunctionalized olefins [261]. Various immobilization methods have been studied 
and summarized in recent reviews [65, 260]. Most of the reported methodologies 
claim the retention of the catalytic propeties of the homogeneous catalysts. However, 
only in a few cases the successful reuse of the catalyst could be shown [65]. In this 
context, reaction conditions can be an important factor in order to combine the 
excellent catalytic behaviour of the homogeneous catalysts with the reuse of its 
heterogeneous counterpart. Concerning Jacobsen’s catalyst, two routes of catalytic 
deactivation have been identified. The first one is the formation of oxo-
manganese(IV) dimeric species, which can be prevented either by the presence of a 
nitrogen base [261] or by isolation of the catalyst by a solid support [116]. The 
second one is the degradation of the salen ligand due to the prolonged oxidation 
conditions. The latter has been identified as the main cause of non-reusability in 
many heterogeneous systems [260]. Sodium hypochlorite has been chosen as the 
suitable oxidizing agent in the homogeneous phase [261]. In contrast, for 
heterogeneous systems it has been proposed that the use of NaClO as oxygen 
source is not convenient, since the exchangeable cation (Na+) can replace the Mn 
containing in inorganic supports such as zeolites and mesoporous materials [262]. To 
prevent this kind of catalytic deactivaction, organic oxygen sources such as 
iodosylbenzene (PhIO) and m-chloroperoxobenzoic acid (m-CPBA) are preferred. 
However, in many cases it has been reported that when using these oxidants, the 
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catalyst is not reusable due to the salen ligand degradation [263]. Oxygen sources 
obtained from Oxone® (2 KHSO5 ● 1 KHSO4 ● 1 K2SO4), such as dimethyldioxiranes 
(DMD) and tetrabutyl ammonium monoperoxosulfate (Bu4NHSO5), have emerged as 
appropriate oxidizing agents for the asymmetric epoxidation of various prochiral 
olefins, when using chiral organomanganese complexes as catalysts [88]. For 
example, the combination of Jacobsen’s catalyst and isolated DMD prepared from 
Oxone® and acetone has been demonstrated to be a useful oxidation system for the 
homogeneous enantioselective epoxidation of 2,2-dimethyl-2H-chromenes and 
electron poor olefins such as isoflavone derivatives [111]. In situ generated DMD has 
only been shown to be efficient in the case of non-asymmetric epoxidations [265]. In 
this case, the pH control plays a fundamental role in the formation of DMD. It is 
generally accepted that DMD is formed at a pH between 7.0 and 7.5 [112]. At a pH 
below 7.0 no reaction is observed, whereas at pH above 8.0 the Oxone® 
decomposition is favoured [112]. Unfortunately, oxygen sources of high 
environmental value, such as molecular oxygen (O2), hydrogen peroxide (H2O2) and 
organic hydroperoxides, do not present good results for the asymmetric epoxidation 
of prochiral olefins over Jacobsen’s catalyst [113]. Most of them are using an 
additional compound for the activation of the oxygen source [114]. In many cases, 
this reagent is not environmentally compatible. For example, when using molecular 
oxygen as oxygen donor, the addition of an aldehyde is necessary to form the 
intermediate reactive species (in situ formation of a peroxyacid), which oxidizes the 
organomanganese complexe to obtain the oxo-manganese active species [114].  
 
On the other hand, the use of in situ generated dioxiranes from Oxone® and a chiral 
ketone as catalysts has been shown to be a remarkably promising oxidation reagent 
[264]. However, the destruction of the chiral ketone due to the Beayer-Villiger 
reaction has limited its reuse [110].  
 
As already mentioned, the presence of nitrogen containing compounds (generally 
pyridine derivatives) has a positive effect on the catalytic activity, which is remarkably 
more so for unreactive olefins such as cinnamate esters derivatives [261]. For 
Jacobsen’s catalyst under biphasic reaction conditions, 4-phenylpyridine N-oxide (4-
PPNO) is used as additive, while 4-methylmorpholine-N-oxide (NMO) is preferred in 
organic reaction media [266]. The function of the additive is to act as an axial ligand 
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to the catalytic center to stabilize the oxo-manganese catalytic species, thus 
preventing the formation of inactive dimeric µ-oxo manganese(IV) species [261].  
additionally, it has been proposed that the additive plays a role as a phase transfer 
catalyst (PTC) in a water-organic biphasic medium, for example when NaOCl is used 
as oxygen donor [261]. Normally, dichloromethane  or acetonitrile have normally 
been found as the suitable reaction solvents [261]. In a recent study, Li et al. [257] 
found that polar solvents such as acetone and ethanol have a favourable effect on 
the re-use of the catalyst. Usually, low reaction temperatures are optimal under 
homogeneous conditions, since it minimizes the reactivity of the oxomanganese 
species, favouring the enantioselective route [261]. However, under these conditions 
the heterogeneous counterpart suffers a reduction in the reaction rate due to the 
diffusion limitations imposed by the porous system of the support [134,135].   
 
3.2 Preparation and characterization of the catalysts 
 
3.2.1 Preparation and characterization of the support materials 
 
3.2.1.1 Highly dealuminated zeolites X and Y 
 
X and Y zeolites (Na-X and Na-Y) were modified according to the method reported by 
Hölderich et al. [218]. This method basically consisted in the extraction of framework 
aluminium from the zeolitic structure by combination of several dealumination steps 
(Figure 17). In the first step Na-X and Na-Y were treated with silicon tetrachloride 
(SiCl4) to protect the zeolite crystalline structure against hydrothermal processes at 
high temperatures (higher than 873 K), and to increase the Si/Al ratio, which favours 
the formation of mesopores in the steaming steps [218]. The obtained materials were 
converted to the ammonium form by ion exchange with ammonium salts (NH4Cl and 
CH3CO2NH4). Subsequently, these materials were treated with H2O vapour 
(steaming), first at 873 K and then at 1123 K. Finally, the resulting materials were 
treated with hydrochloric acid (pH = 2.7) at room temperature to remove the extra-
framework material (aluminium moieties), which were formed during the steaming 
process. These zeolites, modified by the dealumination processes were denoted JCX 
and JCY. The dealuminated zeolites clearly show the diffraction pattern of the 
corresponding parent material (Figures 28 and 29). Even though there was some 
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loss of crystallinity, zeolite Y was more stable than zeolite X. Zeolite Y is of great 
commercial importance in petrochemical processes due to its high thermal stability 
[184]. On the other hand, the shift of the reflections to lower d-values, which becomes 
more apparent at smaller d-values, could be attributed to the framework 
dealumination and subsequent framework rearrangement, which caused a lattice 
expansion [194].  
Figure 28. X-ray diffractograms of the parent material Na-X and the modified X (JCX) 
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Figure 29. X-ray diffractograms of the parent material Na-Y and the modified Y (JCY) 
 
The formation of mesopores inside the crystalline structure of the dealuminated 
zeolites could be shown with N2-sorption analysis. The adsorption-desorption 
isotherms (Figures 30 and 31) are a mixture of type I and IV isotherms, which means 
that the remaining micropores and created mesopores coexist in the modified zeolite 
structures. These results showed that the generated mesopores are completely 
surrounded by remaining micropores [213]. These new hosts are very attractive for 
the immobilization of voluminous homogeneous catalysts such as Jacobsen type 
catalysts, using the “ship-in-a-bottle” concept. For these catalysts, conventional 
zeolites are not suitable due to the limited size of their intrazeolitic space [214]. It is 
important to note that the mesopore formation leads to a tremendous reduction in the 
total pore volume (see Table 5). This reduction is most remarkable in dealuminated 
zeolite X. The reduction of the total pore volume may affect the preparation of the 
catalyst inside the created mesopores. 
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Figure 30. Nitrogen sorption isotherms of the parent material Na-X and the modified 
zeolite (JCX) 
Figure 31. Nitrogen sorption isotherms of the parent material Na-Y and the modified 
zeolite (JCY) 
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3.2.1.2 Al-MCM-41 and Si-MCM-41 
 
Al-MCM-41 and Si-MCM-41 were prepared by conventional methods with some 
modifications [270, 226]. Upon removal of the structure-directing agent 
(tetradecyltrimethyl ammonium bromide) by calcination at 823 K, the obtained 
mesoporous materials were characterized by XRD and N2-sorption at 77 K. The 
materials were dried overnight in vacuum at 413 K and then left to cool down to room 
temperature under argon prior to further treatments. XRD revealed a strong signal at  
an 2θ = 2.4 and 1.8 for Al-MCM-41 and Si-MCM-41, respectively. It signal is 
associated with the reflection d100. Also, both materials showed two less intense 
signals at 2θ = 3.5 and 3.8 for Al-MCM-41 and 2θ = 2.4 and 2.8 for Si-MCM-41. 
These signals are associated with the reflections d110 and d200 respectively. These 
signals confirm the hexagonally ordered structure in the prepared materials [241] 
(see Figure 32). 
Figure 32. X-ray diffractograms for Al-MCM-41 and Si-MCM-41 
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3.2.2 Characterization of the heterogeneous catalysts 
 
3.2.2.1 Heterogeneous catalysts based on modified zeolites X and Y 
 
The Jacobsen catalyst was prepared inside the generated mesopores of zeolites X 
and Y by three different procedures. In the first one (method 1 see Figure 33), 
manganese ions are introduced in the carrier material by ion exchange with sodium 
ions. Subsequently, the salen ligand was built up around the Mn+2 ions by first adding 
the active amine ((1R,2R)-(+)-1,2-diaminocyclohexane L-tartrate), followed by the 
salicylaldehyde derivative (3,5-di-tert-butyl-2-hydroxybenzaldehyde) [213]. The 
materials were denotet JCXSB1 and JCYSB1. In this method has been suggested 
that the support material provides negative charges to stabilize the 
organomanganese cation. These charges are associated with framework oxygen 
atoms [134]. 
 
Figure 33 . Immobilization of the Jacobsen’ catalyst on dealuminated zeolite X and Y 
using the method 1 [213] 
 
In method 2 (see Figure 34), Mn atoms are also incorporated in the support by ion 
exchange, but in this method the preparation of the salen ligand by addition of 
components (active amine and salicylaldehyde derivative) was in the opposite order 
[134]. In addition, an oxidation step was included to oxidize Mn+2 to Mn+3 [134]. The 
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materials were denoted JCXSB2 and JCYSB2. Also, in this method the host structure 
has been claimed to stabilize the Jacobsen’s cation [134]. 
 
Figure 34. Immobilization of Jacobsen’ catalyst on dealuminated zeolite X and Y 
using method 2 [134] 
 
In method 3 (see Figure 35), the salen ligand was first synthesized [135]. 
Subsequently, the metal is incorporated by complexation with the preformed salen 
ligand, followed by an oxidation step and the addition of a chloride source [135]. The 
materials were named JCXSB3 and JCYSB3 [135]. In this case, chloride anion 
neutralize the positive charge generated by the Jacobsen’s cation as in the 
homogeneous catalyst. 
 
All materials were washed thoroughly using dichloromethane (80°C, 24 h) and 
toluene (110°C, 24 h) in a Soxhlet apparatus until no color in the washing solvents 
was observed. After that, the solids were dried at room temperature.   
 
 
 
 
 
 
 
 66
Results and discussion 
 
Figure 35. Immobilization of Jacobsen’ catalyst on dealuminated zeolite X and Y 
using method 3 [135] 
 
Table 5 depicts the N2-sorption results for the various materials, using the “ship-in-a-
bottle” concept. For the support materials (modified zeolites JCY and JCX) obtained 
by dealumination steps [212], the reduction in the surface area is in accordance with 
the loss of total micropore volume. The third column in Table 5 indicates the 
mesopore volume according to the BJH method. From these data the mesopore 
formation in the modified zeolites can also be verified. This is in accordance with the 
adsorption-desorption isotherms (see Figures 30 and 31). After immobilization both 
the micropore and mesopore volume decreased for all three procedures used, 
showing that organic species occupied both types of pores. The reduction of total 
pore volume was mostly remarkable for the heterogeneous catalysts based on 
modified zeolite X.  
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Table 5. N2-sorption data of the materials based on modified zeolites 
Material BET surface 
area (m2/g) 
Micropore 
volume 
(cm3/g) 
BJH pore 
volume (cm3/g) 
Na-Y 721.6 0.328 0 
JCY 597.3 0.245 0.165 
JCYSB1 401.4 0.160 0.100 
JCYSB2 396.2 0.158 0.098 
JCYSB3 393.0 0.153 0.102 
Na-X 623.1 0.283 0 
JCX 351.3 0.108 0.201 
JCXSB1 95.6 0.073 0.045 
JCXSB2 59.8 0.020 0.037 
JCXSB3 40.0 0.001 0.077 
 
The framework SiO2/Al2O3 ratio (determined with FT-IR) and surface area 
(determined with N2-sorption) for the dealuminated zeolites decreased considerably, 
as was reported on earlier in our group [212] (see Table 6), revealing the removal of 
framework aluminium. However, the total aluminium content determined by ICP-AES 
is almost similar to the parent material, which means that a considerable amount of 
extra-framework aluminium was not removed after of the treatment with diluted 
hydrochloric acid (pH = 2.7). This was also demonstrated with 27Al MAS NMR [268]. 
Here, the spectra of the dealuminated zeolite indicated the presence of both 
tetrahedrally coordinated aluminium (signal around 60 ppm) and non-framework 
octahedrally coordinated aluminium (signal around 5 ppm) [268]. Also in Table 6, the 
composition of the materials based on modified zeolites is presented. The difference 
in the Mn/ligand ratios can be due to the different preparation methods. Although 
general correlations cannot be found easily, it can be concluded that method 3 
always leads to materials with an slightly excess of ligand, which is frequently 
reported when zeolites are used as carrier material [134, 135].  
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Table 6. Composition of the materials based on modified zeolites. 
Material SiO2/Al2O3a 
(mol/mol) 
Mn loadingb
(w%) 
Salen loadingc 
(w%) 
Mn/ligand 
(mol/mol) 
Na-Y 6.3 - - - 
JCYSB 188.7 - - - 
JCYSB1 188.7 0.49 6.4 0.77 
JCYSB2 188.7 0.79 4.40 1.78 
JCYSB3 188.7 1.13 13.70 0.71 
Na-X 3.0 - - - 
JCXSB 188.6 - - - 
JCXSB1 188.6 1.20 7.3 1.6 
JCXSB2 188.6 0.57 3.11 1.8 
JCXSB3 188.6 0.83 13.01 0.63 
aDetermined with FT-IR from the symmetric Al-O stretch vibration [267]. 
bDetermined with ICP-AES. cDetermined with TA.   
 
The identity and purity of the retained complex was first investigated by 
thermogravimetric analysis (see Figures 36 and 37). For comparison reasons, the 
region between 30-120 °C, associated with the removal of physisorbed H2O and 
immobilization solvents is not included. From these curves, it can be seem that the 
non-immobilized Jacobsen’s catalyst first shows a very small loss of mass at 130°C, 
which can be associated with the loss of chloride as hydrogen chloride (the chloride 
is the counterion of Jacobsen’s cation) [255]. The main decomposition temperature 
occurred at 320 °C. Another remarkable loss of mass appears at 480 °C, which can 
be associated to the destruction of the more stable groups (tert-butyl groups located 
in the aromatic rings of the ligand salen) [255]. Finally, above 500 °C, metal oxides 
are obtained. For the heterogeneous catalysts, lower intensities were obtained. The 
samples prepared by the method 3 (JCYSB3 and JCXSB3) show similar curves as 
found for the free catalyst, whereas for the other samples, losses of mass near to the 
mass loss of the free complex were obtained. These results suggest that the samples 
obtained by method 1 and 2 contain different organomanganese complexes, 
including the Jacobsen’s catalyst in very low concentrations. 
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Figure 36. DTG of the free Jacobsen´s catalyst and of Jacobsen´s catalyst 
immobilized on modified zeolite X. 
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Figure 37. DTG of the free Jacobsen´s catalyst and Jacobsen´s catalyst immobilized 
on modified zeolite Y. 
 
The UV-Vis spectra are depicted in Figures 38 and 39. The spectrum of the salen 
ligand shows typical absorption bands at approximately 250 nm and 330 nm, 
attributable to the salen ligand n-π* and π-π* charge transfer bands [255]. For the 
Jacobsen’s catalyst these bands are shifted to 325 and 440 nm, due to the salen-to-
manganese charge transfer [255]. Additionally, at around 500 nm, a weak signal 
appears. This is associated to the d-d transition in the manganese ions. The highly 
dealuminated zeolites (JCY and JCX) did not show any signal, which indicates that 
no organic material is present prior to the immobilization process. Upon 
heterogenization, the corresponding bands are slightly shifted. The obtained samples  
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with methods 1 and 2 had the least intense absorption bands, whereas intense 
signals were obtained in the samples prepared by method 3.   
Figure 38. UV-Vis spectra of the Jacobsen’s salen, Jacobsen’s catalyst, modified 
zeolite Y and Jacobsen´s catalyst on modified zeolite Y. 
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Figure 39. UV-VIS spectra of the Jacobsen’s salen, Jacobsen’s catalyst, modified 
zeolite X and the different immobilized materials on modified zeolites X. 
 
The FT-IR spectra of the catalyst heterogenized on modified zeolites X and Y are 
shown in Figures 40 and 41. For the non-immobilized Jacobsen’s catalyst, the 
absorption band at 1540 cm-1 indicates the complexation of the manganese ion by 
the salen ligand [255]. The signal is commonly used as reference to verify the 
immobilization of organomanganese complexes on solid supports. As in the previous 
analysis methods, lower intensities were obtained for the heterogeneous catalysts. 
However, the typical band of Jacobsen’s catalyst is present in all samples, having the 
highest intensity for the one obtained by method 3.   
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Figure 40. FT-IR spectra of Jacobsen’s catalyst and the different immobilized 
materials on modified zeolite Y. 
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Figure 41. FT-IR spectra of Jacobsen’s catalyst and the different immobilized 
materials on modified zeolite X. 
 
From the results obtained by TA, UV-Vis and FT-IR it becomes obvious that method 
3 led more clearly to the heterogenization of Jacobsen’s catalyst. This is not 
surprising, since in this method all the preparation steps as for the homogeneous 
catalyst were applied [135]. In method 1 the synthesis of the ligand was carried out 
at room temperature, no oxidation step for the manganese ion was performed and 
the anion source to stabilize the Jacobsen’s cation was omitted. In method 2, the 
ligand synthesis was carried out at the same temperature as for the free 
homogeneous catalyst and the oxidation step was included, but no anion source was 
added. In methods 1 and 2, it is proposed that the zeolite structure provides the 
anionic moieties to neutralize the Jacobsen cation [134, 212]. 
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3.2.2.2 Heterogeneous catalysts based on Al-MCM-41 and Si-MCM-41 
 
Al-MCM-41 and Si-MCM-41 with high surface areas were synthesized. These solids 
were also used as carrier material. Solids with high surface area are preferred for 
heterogeneous processes, which include either contact between liquid-solid or gas-
solid phases [170]. 
 
Three methods were used to incorporate Jacobsen’s catalyst. In the first one 
(method 4 see figure 42), immobilization by ionic bonding using Al-MCM-41 as 
support was performed. Manganese ions (Mn+2) were first incorporated by ion 
exchange as in zeolites. After calcinations, the material obtained was denoted Mn-Al-
MCM-41. This material was treated with Jacobsen’s salen in CH2Cl2 at reflux 
temperature, yielding a slight brown solid [256]. This solid was denoted MCM1HC.  
 
Figure 42. Immobilization by ionic bonding between Jacobsen’s cation and the 
aluminosilicate anion of the Al-MCM-41 framework (method 4) [256]. 
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For methods 5 and 6, the amino group functionalized Si-MCM-41 was used as 
support. The modification of Si-MCM-41 was carried out by treatment with 3-
aminopropyltriethoxysilane (3-APTES) according to Figure 43 [274]. The obtained 
material was denoted NH2-Si-MCM-41. 
OH OH OH
H2N
Si-MCM-41
Si
EtO
OEt OEt
O
H2N
O
NH2-Si-MCM-41
Si
O
3 EtOH+
3-APTES
Dry toluene, reflux, 24 h, Ar
+
 
Figure 43. Preparation of aminopropyl-functionalized Si-MCM-41 [274]. 
 
In method 5 (see Figure 44) the Jacobsen’s catalyst was treated with dry silver 
perchlorate to change the [Jacobsen cation]+-Cl- ionic bond to a [Jacobsen cation]+-
ClO4-. In this way, the catalyst is allowed to form a coordination bond with the 
nitrogen atom of the amino group previously anchored on Si-MCM-41 [274]. This 
solid was denoted MCM2HC.  
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    CH2Cl2, 70 °C
+
Jacobsen's catalyst
 
Figure 44. Anchoring of Jacobsen’s catalyst on NH2-Si-MCM-41 through the 
manganese atom (method 5) [274] 
 
In the method 6 (see Figure 45) the catalyst was built up on NH2-Si-MCM-41 and 
immobilized by covalent bonding of the salen ligand. This method started by the 
reaction between 2,6-diformyl-4-tert-butylphenol and (1R,2R)-(+)-1,2-
diaminocylohexane in the presence of NH2-Si-MCM-41 to give half of the salen ligand 
(NH2-MCM-41(1)). This solid was treated with 3,5-di-tert-butyl salicylaldehyde to give 
the salen ligand linked to the nitrogen atom by chemical bonding (NH2-MCM-41(2)). 
Finally, NH2-MCM-41(2) was treated with a manganese source (manganese acetate, 
(CH3CO2)2Mn●4H2O) and chloride source (lithium chloride, LiCl) to give Jacobsen’s 
catalyst [252]. This solid was denoted MCM3HC. 
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Figure 45. Anchoring of Jacobsen’s catalyst in NH2-Si-MCM-41 via covalent bonding 
of the ligand to the linker (method 6) [252]. 
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Upon immobilization, both the surface area and mesopores volume decreased, the 
most remarkable for the material obtained by immobilization method 4 (see Table 7). 
However, in all the methods a significant fraction of the pore volume remains 
accessible to be used in the catalytic process. In contrast, when zeolites are used the 
remaining pore volume is too small and the reactant cannot approach the catalytically 
active sites. Using Al-MCM-41 the diffusion limitation can be reduced. 
 
Table 7. Nitrogen sorption data for the heterogenized catalysts over Al-MCM-41 and 
Si-MCM-41. 
 
Material BET surface 
area (m2/g) 
BJH pore 
volume (cm3/g) 
Al-MCM-41 981 0.978 
MCM1HC (method 4) 890 0.550 
Si-MCM-41 968 0.685 
NH2-MCM-41 408 0.260 
MCM2HC (method 5) 332 0.100 
MCM3HC (method 6) 237 0.041 
 
 
 
 
 
 
 
 
Al-MCM-41 was obtained with a Si/Al ratio equal to 40 (determinated by ICP-AES), 
which was maintained after immobilization (see Table 8). This indicates that no 
leaching of aluminium occured during the immobilization process. In contrast, in the 
case of dealuminated zeolites, the extraframework aluminium formed during the 
dealumination process was not completely removed from the zeolite crystal. This fact 
may affect the immobilization process due to blocking of the pore system in zeolites 
by aluminium oxide species  [114]. 
 
The difference in the manganese load and ligand content obtained in the 
heterogenized catalysts can be due to the different preparation methods, as was 
case for the zeolites. Obviously, a Mn/ligand ratio equal to 1 is obtained when 
Jacobsen’s catalyst is formed prior to the immobilization (method 5). The samples 
obtained both by treatment of the salen ligand on Mn modified Al-MCM-41 
(MCM1HC); and building up the salen ligand (MCM3HC); reveal an excess of metal. 
Although the amount of salen ligand increases to reduce the free manganese 
content, the Mn/salen ratio did not vary significantly. This indicates that some Mn 
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sites in the mesoporous structure are not readily accessible for the salen ligand. 
Another possibility to reduce the Mn/salen ratio near to 1 is to reduce the manganese 
concentration, but in this way the catalytic activity can be reduced, too. On the other 
hand, the difference in the catalyst load can be due to the different preparation 
methods.  
 
Table 8. Composition of the materials based on Al-MCM-41 and Si-MCM-41. 
Catalyst Si/Ala 
(mol/mol) 
Mn loadinga
(mmol/g) 
Salen loadingb
(mmol/g) 
Mn/salen 
(mmol/mmol) 
Complex 
loading 
(mmol/g) 
Al-MCM-41 40 - - - - 
MCM1HC 40 0.228 0.089 2.561 0.089c 
Si-MCM-41 - - - - - 
MCM2HC - 0.035 N.C 1.000 0.035d 
MCM3HC - 0.439 0.134 3.276 0.134c 
aDetermined by ICP-AES. bDetermined by TGA. cCalculated from the salen ligand 
content. dCalculated from the Mn content. N.C: Not determined. 
 
The identity of the retained complex was also investigated with thermogravimetric 
analysis (see Figure 46). The mass losses of the homogeneous catalyst were already 
discussed. The loaded complex shows a different decomposition behaviour due to 
the guest/host interaction. All samples show a first weight loss at 130 °C, which 
indicates that the positive charge of the organic cation is balanced by chloride and 
not by the anionic host [255]. However, this is not totally clear, since in method 4 
and 5 no chloride source is involved. In addition, it is expected that the host structure 
is the anion when the immobilization is carried out by ion exchange (method 4). 
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Figure 46. DTG of the free Jacobsen´s catalyst and Jacobsen´s catalyst  immobilized 
on MCM-41 type mesoporous materials. 
 
The identity and purity of the organomanganese complex immobilized in the MCM-41 
type mesoporous systems was also investigated by spectroscopic analysis with FT-
IR and (DR) UV-Vis. Figure 47 shows the FT-IR spectra for the salen ligand, 
Jacobsen’s catalyst and heterogeneous catalyst MCM1HC. The C=N imine vibration 
signal in the salen complex at 1630 cm-1 is shifted to the lower wave number of 1610 
cm-1, when the complexation with the metal is occurred [255]. This signal should not 
be taken in account to evaluate the immobilization process, since the non-loaded 
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support (Al-MCM-41) shows a broad signal centered at 1640 cm-1. This signal is 
attributable to the presence of H2O in inorganic materials [13]. However, the most 
characteristic signal from the point of view of the structure of metal salen complexes 
is the presence of the band appearing near 1540 cm-1 [255]. This signal is also 
obtained in sample MCM1HC, which indicates that the Jacobsen’s catalyst did not 
suffer any change in its chemical structure during the immobilization process (see 
Figure 47). 
 
Figure 47. FT-IR spectra of Jacobsen’s catalyst and Jacobsen’s catalyst immobilized 
by ionic bonding. 
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No immobilization on Si-MCM-41 was observed using method 4, indicating that 
Jacobsen’s catalysts is mainly retained by ionic interactions rather than adsorptive 
interactions with silanols groups. It is well known that the presence of framework 
aluminium generates a negative charge, which permit the incorporation of other 
cations different to sodium or potassium [143]. 
 
In contrast, the signal assigned to the metal salen complex could not be found clearly 
in the spectrum of the MCM2HC and MCM3HC samples, because several signals 
from amino propyl groups appear in the same zone of the IR spectrum (1450-1550 
cm-1). In these cases (DR) UV-Vis was chosen as the most suitable spectroscopic 
method (see Figure 48). The UV-Vis spectra of the Jacobsen’s salen shows typical 
signals near at 260 and 330 nm, attributable to ligand n–π* and π–π* charge transfer 
bands [275]. Jacobsen’s catalyst exhibits a broad signal centered around 425 nm 
attributable to ligand-to-metal charge transfer band similar to metal salen compounds 
[275]. NH2-Si-MCM-41 did not show any signal, as was observed for the 
dealuminated zeolite. After immobilization, this signal appears with lower resolution 
than for the homogeneous catalyst. However, the UV-Vis spectra of the 
heterogeneous catalysts are very similar to the spectrum of the Jacobsen’s catalyst 
in solution, revealing that the organomanganese complex is loaded into the 
mesoporous structure. On the other hand, no signal was obtained when using 
unmodified Si-MCM-41. 
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Figure 48. UV-Vis spectra of Jacobsen’s catalyst and the Jacobsen’s catalyst 
immobilized on NH2 group modified Si-MCM-41. 
 
In comparison with the materials based on the dealuminated zeolites, the 
immobilization of Jacobsen catalyst on Al-MCM-41 has two differences. First, the 
characterization methods are easier to elucidate the nature of the retained catalyst. 
Second, a higher concentration of catalyst is obtained. 
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3.3 Catalytic activity 
 
3.3.1 NaOCl/4-PPNO as oxidation system 
 
The homogeneous enantioselective epoxidation of cis-ethyl cinnamate using 
NaOCl/4-PPNO as oxidation system is well known [103], and is generally conducted 
at low temperature (4°C). However, in the present study the homogeneous 
epoxidation of cis-ethyl cinnamate was performed at room temperature, a yielding 
almost the same results as at 4 °C (see Table 9). On the other hand, the procedure 
at 4°C for the heterogenized catalysts showed very low conversions, probably 
associated to diffusion limitations, which are most remarkable at low temperatures 
[134, 135]. Therefore, the catalytic activity of the heterogeneous catalysts was 
studied at room temperature. Blank experiments indicated no appreciable influence 
on the activity by the support or uncomplexed manganese moieties. 
 
The highly dealuminated zeolites heterogenized Jacobsen’s catalyst showed only a 
poor racemic epoxidation. The low conversions can be explained by the diffusion 
limitations imposed by the porous system of the support, which are most remarkable 
in highly dealuminated zeolites due to the reduction of their total pore volume. In 
presence of the heterogenized catalyst, mainly chlorinated compounds were found 
(detected by GC-MS), therefore very low selectivities to the epoxides were obtained. 
In addition, with this oxidation system no asymmetric induction was observed, which 
indicates that the diffusion limitations might prevent the chiral communication 
between the substrate and the catalyst. Using the heterogenized catalyst, the 
cis/trans ratio also changed and in most cases the trans-epoxide was favoured, as 
was reported in the diastereoselective epoxidation of α-(–)-pinene and R-(+)-
limonene [214]. In other related work with dealuminated zeolites it was found that 
lower enantioselectivities than over the homogeneous catalyst were obtained for the 
enantioselective epoxidation of 1,2-dihydronaphthalene [268]. In this study, calcium 
hypochlorite led to the best results (40%ee). However, the enantioselectivity was 
tremendously affected after the first reuse (10%ee), suggesting catalyst degradation 
[268].    
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Table 9. Catalytic activity for the modified zeolites heterogenized catalyst, using 
NaOCl as oxygen donora  
Catalyst Conversion
(%) 
Epoxide 
Selectivity(%)
Cis/trans 
epoxide 
eecis 
(%) 
eetrans 
(%) 
None 0 - - - - 
Homogeneous catalystb  98 99 4.1 97 70 
Homogeneous catalyst  97 96 4.0 97 74 
JCY 8 15 0.1 - - 
Mn-JCY 10 16 Only trans - - 
JCYSB1 10 10 1.0 0 0 
JCYSB2 20 12 0.4 0 0 
JCYSB3 25 15 0.6 0 0 
JCX 5 0 - - - 
Mn-JCX 3 0 - - - 
JCXSB1 35 20 Only trans  0 0 
JCXSB2 4 0 - 0 0 
JCXSB3 15 10 Only trans 0 0 
aCis-ethyl cinnamate = 0.5 mmol; NaOCl (0.55 M in Na2HPO4, pH = 10.2) = 2.7 
mmol; 4-PPNO = 0.15 mmol; catalyst = 0.05 mmol (30 mg homogeneous or 300-500 
mg heterogeneous catalyst); CH2Cl2 = 4 ml; T = 23-25 °C; t = 12 h. bT = 4 °C.  
 
On the other hand, using the catalyst immobilized on Al-MCM-41, lower conversions 
and selectivities than in the case of the homogeneous catalyst were obtained (see 
Table 10). Therefore, generally NaOCl/4-PPNO as oxidation system led to low 
chemical yields, when inorganic carriers such as zeolites and Al-MCM-41 are used 
for the epoxidation of cis-ethyl cinnamate with Jacobsen’s catalyst. Diffusion 
limitations through the pore system and the preferential formation of chlorinated 
compounds were the main reasons for the obtained low yields. By increasing the 
concentration of NaOCl, no change in the activity was observed. 
 
When using Al-MCM-41 as support, the best enantioselectivities were obtained, 
although these were lower than for the homogeneous catalyst. In comparison with 
the materials based on dealuminated zeolites, the pore volume size was not sufficient 
to allow for the chiral communication between the substrate and active species. The 
presence of the nitrogen additive (4-PPNO) was necessary to obtain enantiomeric 
excesses. 
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Table 10. Catalytic activity for the Al-MCM-41 heterogenized catalyst, using NaOCl 
as oxygen donora 
Catalyst Conversion
(%) 
Epoxide 
Selectivity(%)
Cis/trans 
epoxide 
eecis 
(%) 
eetrans 
(%) 
None 0 - - - - 
Homogeneous catalystb  98 99 4.1 97 70 
Homogeneous catalyst  97 96 4.0 97 74 
Al-MCM-41 4 0 - - - 
Mn-Al-MCM-41 12 0 - - - 
NH2-Si-MCM-41 10 0 - - - 
MCM1HC 41 25 2.0 70 35 
MCM2HC 17 27 2.0 58 25 
MCM3HC 5 43 3.0 25 5 
MCM1HCc 39 20 1.1 0 0 
MCM1HCd 0 - - - - 
aCis-ethyl cinnamate = 0.5 mmol; NaOCl (0.55 M in Na2HPO4, pH = 10.2)= 2.7 mmol; 
4-PPNO = 0.15 mmol; catalyst = 0.05 mmol (30 mg homogeneous or 300-500 mg 
heterogeneous catalyst); CH2Cl2 = 4 ml; T = 23-25 °C; t = 12 h; bT = 4 °C; c without 4-
PPNO; dcatalyst reused once using the same reaction conditions as in a. 
 
According to Table 10, the best catalyst was MCM1HC; however, upon its reuse no 
catalytic activity was observed anymore. Mn determination by ICP-AES the fresh and 
reused catalyst revealed an approximally 25% leaching of the metal. In addition the 
deactivation of the catalyst was also due to the degradation of the salen ligand, which 
was confirmed by the absence of the absorption band at 1540 cm-1 in the IR spectra 
of the reused catalyst (see Figure 49). The deactivation by degradation under 
prolonged oxidation conditions has also been observed using NaOCl as oxygen 
source in the presence of cationic clays as carrier material [263]. 
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Figure 49. FT-IR spectra of MCM1HC before and after reaction with NaOCl as 
oxygen source. 
 
3.3.2 m-CPBA/NMO as oxidation system 
 
This oxidation system is very popular for enantioselective epoxidations of prochiral 
olefins at very low temperatures (-80 to 0°C). The results with this oxidant are shown 
in Table 11. As in the previous oxidation system the homogeneous catalyst shows 
the same activity at room temperature. In this case, only the conversion is a bit higher 
when the reaction is conduced at 4 °C. Both the inorganic support and the free 
manganese ions were catalytically inactive. Racemic epoxidation as with NaOCl was 
obtained for the materials based on modified zeolites. Here, only the catalytic activity 
of JCYSB3 is shown (for the other ones similar results were obtained).  
 
In contrast with Al-MCM-41 as support, very similar activities as with the free 
homogeneous catalyst was obtained. In this case high selectivities to the epoxide 
were found. Again, MCM1HC showed the best results, but as in the previous case 
this catalyst suffered deactivation due to leaching of the metal (55 %) and to salen 
ligand degradation. Also, in this case, the presence of a nitrogen additive (N-methyl 
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morpholine N-oxide, NMO) was necessary to promote the asymmetric induction. The 
degradation of the salen ligand becomes obvious from Figure 50, where the absence 
of the band at 1540 cm-1 in the reused catalyst suggests that the salen ligand 
structure was changed. The reused and reloaded catalyst could recover the initial 
activity, which indicates that the mesoporous structure is not destroyed. It confirms 
that the activity loss of the reused material was mainly due to degradation of the 
salen ligand and the loss of metal by leaching. 
 
Table 11. Results of the catalytic activity for the catalyst heterogenized in different 
supports and its homogeneous counterpart, using m-CPBA as oxygen donora 
Catalyst Conversion
(%) 
Epoxide 
selectivity(%)
Cis/trans 
epoxide 
eecis 
(%) 
eetrans 
(%) 
None 0 - - - - 
Homogeneous catalystb  17 99 6.5 97 90 
Homogeneous catalyst  13 99 5.0 95 80 
JCY 0 - - - - 
Mn-JCY 3 86 0.8 - - 
JCYSB3c 10 98 0.6 0 0 
Al-MCM-41 0 - - - - 
Mn-Al-MCM-41 2 69 1.1 - - 
NH2-SI-MCM-41 1 0 - - - 
MCM1HC 14 95 4.5 88 66 
MCM2HC 8 97 3.0 48 36 
MCM3HC 9 95 3.0 21 15 
MCM1HCd 10 95 2.0 0 0 
MCM1HCe  2 73 1.0 0 0 
MCM1HCf 12 95 3.7 85 65 
aCis-ethyl cinnamate = 0.5 mmol; m-CPBA = 2.0 mmol; NMO = 3.0 mmol; catalyst = 
0.05 mmol (30 mg homogeneous or 300-500 mg heterogeneous catalyst); CH2Cl2 = 4 
ml; T = 23-25 °C; t = 2 h; bt = 4 °C. ctime = 24 h; dreaction without NMO; ecatalyst 
reused once using the same reaction conditions as in a. fCalcined material and re-
loaded after first use. 
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Figure 50. FT-IR spectra of the heterogeneous catalyst MCM1HC before and after 
reaction using m-CPBA as oxygen source 
 
3.3.3 In situ generated DMD as oxidation system 
 
This source of the oxygen donor has been less studied than the previous oxidation 
systems. In situ chiral dioxyranes obtained from chiral ketones and Oxone® (2 
KHSO5●1KHSO4●1K2SO4) are very popular oxidation reagents for homogeneous 
enantioselective epoxidations of prochiral olefins [265]. However, their application is 
limited due to the degradation of the chiral ketone (catalyst) by the Baeyer-Villiger 
reaction [110]. Achiral DMD obtained from acetone and Oxone® has proved to be a 
convenient oxidizing agent for the homogeneous enantioselective epoxidation of 
functionalized olefins, such as isoflavone derivatives [111], when using Jacobsen 
catalyst. However, the use of in situ generated DMD in asymmetric epoxidation 
reactions has not been reported yet. 
 
In Table 12 the catalytic activity is presented. As in the previous oxidation systems, 
the homogeneous catalyst gave very similar catalytic activities at room temperature 
as at 4 °C. In this case, the enantioselectivities increase with decreasing reaction 
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temperature. It has been found that at low reaction temperatures, the combination m-
CPBA/NMO preferably oxidizes the organomanganese complex instead of the 
substrate [98]. However, as already explained low reaction temperatures resulted in 
low conversions over the heterogenized catalyst. 
 
In contrast to the previous oxidation systems, blank experiments indicate that both 
the support and the metal catalyzed the racemic epoxidation of the substrate (Table 
12). No asymmetric induction was observed with the heterogeneous catalysts based 
on zeolites; only racemic epoxidation as in the abcense of a catalyst was observed. 
This confirms that for this support type, the substrate and reactants do not reach the 
active catalytic chiral species.  
 
However, over the Al-MCM-41 heterogenized catalyst very similar enantioselectivities 
as for the homogeneous catalyst where obtained. This suggests that the racemic 
route did not influence the catalytic behaviour of the heterogenized chiral catalyst. As 
in the previous case, similar conversions and high selectivities as for the free catalyst 
were found. Here, 4-PPNO used as additive improved the catalytic activity only a bit.  
 
During the reaction the pH control was very important to obtain A good asymmetric 
induction. It is known that the formation of DMD takes place at a pH between 7.0-7.5 
[112]. At pH < 7.0 DMD is not formed, therefore no epoxidation reaction was 
observed. At pH > 7.0, the decomposition of the oxone® occurs preferably. 
 
In this study the catalytic tests were stopped after the total addition of the oxygen 
source as at this point the reaction rate reached its maximal value, and to avoid 
degradation of the salen ligand. In addition, the pH was increasing, which suggests 
that the oxygen source is mainly being decomposed [112]. This is further evidence 
which confirms that the epoxidation reaction rate did change anymore. On the other 
hand, a poor asymmetric induction was only observed, when other solvents such as 
CH2Cl2 and CH3CN were used, which confirms that the formation of DMD was 
responsible for good enantioselectivities. 
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Table 12. The catalytic activity for the catalyst heterogenized in different supports and 
its homogeneous counterpart, using in situ generated DMD as oxygen donora 
Catalyst Conversion
(%) 
Epoxide 
selectivity(%)
Cis/trans 
epoxide 
eecis 
(%) 
eetrans 
(%) 
None 0 - - - - 
Homogeneous catalystb  40 97 4.6 86 72 
Homogeneous catalyst  45 98 4.2 77 60 
JCY 40 95 4.5 - - 
Mn-JCY 43 99 4.2 - - 
JCYSB3 45 98 4.5 0 0 
Al-MCM-41 38 96 4.0 - - 
Mn-Al-MCM-41 40 95 3.5 - - 
NH2-Si-MCM-41 37 98 3.3 - - 
MCM1HC 32 95 3.8 75 50 
MCM2HC 33 99 5.0 74 55 
MCM3HC 30 96 3.3 40 32 
MCM1HCc 30 96 2.8 65 38 
MCM1HCd 30 95 1.4 5 0 
MCM1HCe 35 95 4.1 68 45 
aCis-ethyl cinnamate = 0.25 mmol; Oxone® (2 KHSO5●KHSO4●K2SO4) = 0.5 mmol; 
catalyst = 0.06 mmol (30 mg homogeneous or 300-500 mg heterogeneous catalyst);  
4-PPNO = 0.075 mmol; CH3COCH3 = 4 ml; NaHCO3 = 3.5 mmol; T = 23-25 °C; the 
pH was kept between 7.0 and 7.5 with aqueous NaHCO3 (5 %w); bT = 20-25 °C; 
creaction without 4-PPNO; dcatalyst reused once using the same reaction conditions 
as in a; eCalcined material and re-loaded after first use. 
 
For the reusability test, the reused heterogeneous catalyst (MCM1HC) was first 
washed with sufficient H2O to eliminate inorganic salts (KHSO4 and NaHCO3). 
However, the recycling of the catalyst was not also possible due to leaching (20 %) 
and degradation of the catalyst (see Figure 51). 
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Figure 51. FT-IR spectra of the heterogeneous catalyst MCM1HC before and after 
reaction with in situ generated DMD as oxygen source 
 
The previous results indicate that the oxidative degradation of the salen ligand can 
avoid the re-use of against leaching stable heterogeneous catalysts (immobilization 
by covalent bonding). On the other hand, the conversions that were too low in spite 
of the excess of the oxygen source. Under these conditions, the prolonged oxidation 
conditions are favoured, therefore, the degradation of the salen ligand took place.  
For this reason, we decided to study the enantioselective epoxidation of 
unfunctionalized olefins (styrene and 1,2-dihydronaphthalene) which are more easy 
to oxidize than functionalized olefins. 
 
The catalytic activities are presented in Table 13. For the new substrates, racemic 
epoxidation in absence of catalyst was also observed. The use of CH2Cl2 or CH3CN 
instead of  acetone gave only a poor asymmetric epoxidation (conversions up to 5%), 
demonstrating that the in situ formation of DMD lead to the oxidation active oxo-
manganese(V) species. 
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Table 13. Results for the enantioselective epoxidation of three  olefinsa. 
Substrate Catalyst Conversionb
% 
Selectivityb 
% 
(ee) 
%
d,i 
Homogeneous 38 99 (5.0)c  86e (72)f  
MCM1HC 32  97 (5.0)c 75e (50)f  
MCM2HC 25   98 (4.7)c 78e (60)f  
 MCM3HC 30 95 (4.5)
c 35e (30)f  
Homogeneous 100 100 40g 
MCM1HC 100 100 38g 
MCM2HC 95  100 35g 
 
 
MCM3HC 97 100 12g 
Homogeneous 94 89 37h 
MCM1HC 95 88 32h 
MCM2HC 96  90 34h  
 MCM3HC 95 90 8h 
C C
H H
C O
O
C2H5
Cis-ethylcinnamate
CH
Styrene
CH2
1,2-Dihydronaphthalene
aReaction condition: substrate = 0.25 mmol; Oxone® (2 KHSO5●KHSO4●K2SO4) = 
0.25 mmol; catalyst = 30 mg homogeneous or 300-500 mg heterogoneous catalyst; 
4-PPNO = 0.075 mmol; CH3COCH3= 4 ml; NaHCO3 = 3.5 mmol; T = 23-25 °C; the 
pH was kept between 7.0 and 8.0 using aqueous NaHCO3 (5%w, pH = 8.0), while the 
Oxone® slowly was added; t = 25-50 min. bDetermined by standard GC.ccis/trans 
epoxide ratio dDetermined with chiral GC. eOptical configuration: 2R,3R (cis-epoxide). 
fOptical configuration: 2S,3R (trans-epoxide). gOptical configuration: R. hOptical 
configuration: 1S, 2R. iThe optical configuration was assigned by comparison with 
those reported in literature [102, 253]. 
 
The difference in the conversions and enantioselectivities for a given catalyst 
depends on the nature of the olefin (Table 13). Thus, cis-ethyl cinnamate, an 
unreactive olefin (electron poor substrate), yielded the highest enantioselectivities 
compared to the more reactive substrates styrene and 1,2-dihydronaphthalene. In 
comparison with the homogeneous catalytic activity, the heterogeneous catalysts 
showed only a slight reduction in the conversion of cis-ethyl cinnamate, but for the 
unfunctionalized olefins the similar conversions were obtained. In all cases, the high 
selectivity exhibited by the homogeneous catalyst was found for the heterogeneous 
systems, too. In addition, the cis/trans-epoxide ratio for the cis-ethylcinnamate 
epoxidation was almost unchanged. All these results indicate that diffusion 
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limitations, side reactions catalyzed by the support and immobilized complexes in the 
external surface did not influence the catalytic behaviour of Jacobsen’s catalyst 
immobilized into the mesopores of Al-MCM-41. With MCM1HC and MCM2HC the 
best enantioselectivities were obtained, comparable to the homogeneous phase. 
However, these materials showed moderate leaching (10% and more). This can be 
explained by the very weak interaction between catalyst and the support.  On the 
other hand, MCM3HC proved to be very stable against leaching. In this case the 
enantioselectivties decreased tremendously. The reduced mobility of the immobilized 
complex in the MCM3HC sample might very well influence geometric conformation 
needed for the chiral induction. 
 
This could also be demonstrated with FT-IR spectroscopy on the once reused 
catalyst MCM1HC, when in situ generated DMD and other common oxidants 
(NaOCl/4-PPNO and m-CPBA/NMO) were used for the asymmetric epoxidation of 
1,2-dihydronaphthalene. Figure 52 clearly shows that the chemical structure of the 
immobilized catalyst did not suffer any change, when using in situ generated DMD as 
oxidizing agent, whereas the use of the common oxidants, such as NaOCl and m-
CPBA, destroyed the catalyst after reaction. This can clearly be seen by the 
presence or absence of the signal assigned to the metal salen complex (1540 cm-1). 
It is important to note that the degradation of the salen ligand depends on the 
substrate reactivity. Thus, using olefins which are easier to oxidize, the degradation 
of the catalyst can be prevented by stopping the reaction prior to complete 
conversion. 
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Figure  52. FT-IR spectra of Jacobsen’s catalyst and MCM1HC used once in the 
epoxidation of 1,2-dihydronaphthalene with different oxidants  
 
Finally, the recyclability of catalyst MCM3HC was shown. Figures 53 and 54 illustrate 
the results for the investigated substrates. Both the conversion and enantiomeric 
excesses could be maintained up to three recycles. Using this catalyst, the ligand 
salen deactivation could be suppressed. Thus, MCM3HC is stable against leaching 
by using a covalent attachment on the salen ligand, and dimerization of the active 
species is minimized by the presence of the additive 4-PPNO, and degradation of the 
salen ligand is reduced by using in situ generated DMD as oxidizing agent. 
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Figure 53. Effect of the MCM3HC reuse on the conversion 
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Figure 54. Effect of the MCM3HC reuse on the enantioselectivity 
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An interesting observation was made in the homogeneous phase. Jacobsen’s 
catalyst could be recovered partially (80 %) by precipitation in the cis-ethylcinnamate 
epoxidation. Encouraged by this result, the recyclability of the catalystwas 
investigated. We could prove that the catalyst retained the high selectivity and 
asymmetric induction as obtained by the fresh catalyst (see Table 14). However, a 
conversion loss was observed, which can be associated with the incomplete 
separation of the catalyst.   
 
Table14. Result of catalytic activity and recyclability of the homogeneous catalyst 
using in situ generated DMD as oxidanta 
aReaction condition: Cis-ethyl cinnamate = 0.25 mmol; Oxone® (2 
KHSO5●KHSO4●K2SO4) = 0.33 mmol; catalyst = 0.06 mmol  4-PPNO = 0.01255 
mmol; CH3COCH3 = 4 ml; NaHCO3 = 3.5 mmol; T = 0-5 °C; the pH was kept between 
7.5 and 8.0 using aqueous NaHCO3 (5% wt); bCalculated from the Mn content by 
ICP-AES, before and after each test. 
Non-immobilized 
catalyst 
 
Conversion 
 % 
(recovered 
catalyst %)b 
Epoxide 
Selectivity 
% 
Cis/Trans 
epoxide ratio
eecis 
% 
eeTrans 
% 
Fresh catalyst 41(80) 97 3.6 86 58 
First recycle 33 (70) 95 3.2 84 53 
Second recycle 21 (75) 96 3.4 86 54 
Third recycle 16 (55) 96 4.2 82 56 
 
A first control experiment using dichloromethane instead acetone afforded a lower 
conversion (5 %). Additionally, the catalyst turned from dark brown to slight yellow, 
suggesting that catalyst degradation occurred. These results indicate that Oxone® by 
itself is a poor oxidant due to its low solubility in organic solvents and that ketone 
compounds are the best parent materials for the regeneration of dioxyranes. These 
observations are in agreement with various previous reports related with the 
behaviour of dioxyranes [112, 276]. 
 
In contrast, the enantioselective epoxidation of non-functionalized olefins can be 
catalyzed efficiently by a dimeric Jacobsen’s catalyst using Oxone® as oxidant [277].  
 
Another control experiment was made to explain the partial precipitation of the 
catalyst during the reaction. It could be shown that the catalyst could be recovered 
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completely in acetone (0.25 mmol/4 ml, pH = 9.6) by the dropwise addition of an 
aqueous solution of NaHCO3 up to pH = 10.4. However, it was necessary to use a 
big volume of the buffer solution to keep the pH near the precipitation pH when 
reaction conditions are applied. Thus, a very diluted liquid system was obtained, 
which is very tedious to manipulate. Additionally, the increase of the reaction pH 
mainly favours the Oxone® decomposition instead of the precipitation of the catalyst.  
 
The last control experiment was made in the absence of a chiral catalyst. In this 
case, racemic epoxidation took place with the same conversion and epoxide 
selectivity as obtained in the presence of Jacobsen’s catalyst. Here, it is important to 
note that the enantioselectivity observed in the presence of the chiral catalyst is due 
to the formation of DMD, which preferentially oxidizes the catalyst to the active oxo-
manganese(V) species instead of the direct oxidation of the olefin. Figure 55 shows a 
possible asymmetric route for the catalytic process described here. 
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Figure 55. Proposed catalytic cycle for the enantioselective epoxidation of cis-
ethylcinnamate using Jacobsen’s catalyst and in situ generated DMD as oxidant. 
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4.0 Conclusions and outlook 
 
• The epoxidation of cis-ethyl cinnamate in the presence of Jacobsen’s catalyst, 
according to different methods immobilized on various porous inorganic supports 
was investigated. 
 
• Mesopores completely surrounded by micropores were created inside the 
crystallites of zeolite X and Y. This modified zeolites, Al-MCM-41 and Si-MCM-41 
were used as supports for the immobilization of Jacobsen’s catalyst. 
 
• Jacobsen´s catalyst was immobilized on modified zeolites using three different 
procedures. The best result was obtained synthesizing the organometallic complex 
under the same conditions as used for the homogeneous catalyst. However, no 
asymmetric induction was observed in the catalytic test.  
 
• Diffusion limitations of the substrate in the porous system of the modified zeolites 
lower the reaction rate for the asymmetric epoxidation and prevent the appropriate 
conformation of the catalyst for the chiral communication with the substrate. In 
addition, the epoxide selectivity is strongly reduced with NaOCl as oxygen source. 
In this case the support catalyzes the addition of chloride to the aromatic ring of 
the substrate.  
 
• Jacobsen´s catalyst was immobilized on Al-MCM-41, using ionic exchange 
method. In this case the immobilization method clearly proved the retention of the 
catalyst. The fixation of the catalyst can be explained by ionic interactions between 
the Jacobsen’s cation and the anionic aluminium center of the support framework. 
 
• Jacobsen’s catalyst was immobilized on NH2 group functionalized Si-MCM-41 
(NH2-Si-MCM-41). Two methods were performed. In the first one, the catalyst is 
retained by coordination bond between the manganese and nitrogen atoms. The 
second one, salen ligand is attached to the solid surface by covalent bonding. 
 
• In contrast to the heterogeneous catalysts based on modified zeolites, asymmetric 
induction could be obtained when MCM-41 type mesoporous solids were used as 
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support. With m-CPBA, enantioselectivities very similar to the unimmobilized 
catalyst were found, whereas when using NaOCl and in situ generated DMD a 
slight reduction was found. On the other hand, NaOCl led to a tremendous 
reduction in the epoxide selectivity, as was also observed in the presence of 
modified zeolites. 
 
• The methods of immobilization without covalent attachment of the salen ligand 
(method 4 and method 5) showed moderate leaching, although the same 
enantioselectivities as in the homogeneous phase were found. 
 
• The stability towards leaching could be improved by covalent attachment of the 
catalyst on the modified surface of NH2-Si-MCM-41 (method 6). However, the 
enantioselectivities decreased tremendously, probably to the lesser mobility of the 
catalyst, which produces a poor chiral communication with the substrate. 
 
• The asymmetric epoxidation of various prochiral olefins using Jacobsen’s catalyst 
and in situ generated DMD as oxidizing agent was investigated. Under 
heterogeneous systems based on Al-MCM-41 and NH2-Si-MCM-41 as support, 
the catalyst has proven to be very stable to the oxidative degradation of the salen 
ligand. 
 
• The use of in situ generated DMD as oxidant instead NaOCl or m-CPBA 
minimizes the oxidative destruction of the salen ligand. Under these conditions, 
the non-immobilized Jacobsen‘s catalyst could be separated partially and recycled 
at least three times without enantioselectivity loss. The decrease in the conversion 
can be anticipated due to the incomplete precipitation of the catalyst rather than to 
the oxidative degradation of the salen ligand. Also, the physical loss of catalytic 
material during the recovery process cannot be discarded totally. 
 
• For future works, it is recommended to study the enantioselective epoxidation of 
unfunctionalized olefins that have shown to give the best results in the 
homogeneous phase, such as cis-β-methylstyrene and chromene derivatives. 
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• It is interesting to study the substitution of Oxone® by H2O2 as oxygen source. Shi 
and co-workers reported the asymmetric epoxidation of various olefin types by in 
situ generated dioxiranes from H2O2 and chiral ketones [269]. 
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5.0 Experimental 
 
5.1 Chemicals 
 
Chemicals were purchased from Aldrich, Fluka, Riedel-de-Haen and Merck in p.a. 
purity and used without further purification. 
 
5.2 Catalyst preparation 
 
5.2.1 Jacobsen’s catalyst 
 
Jacobsen´s catalyst was prepared according to Jacobsen et al. [54]. Typically, 0.112 
mol (1R,2R)-(+)-1,2-diaminocyclohexane L-tartrate [54] and 0.225 mol K2CO3 were 
dissolved in 150 ml water, after which 600 ml ethanol was added. The resulting 
mixture was refluxed for 2 h and a solution of 0.225 mol 3,5-di-tert-butyl-2-
hydroxybenzaldehyde [54] dissolved in 250 ml ethanol was added over 30 minutes. 
The funnel was rinsed with 50 ml ethanol, and refluxing was continued for 2 h. 
Subsequently, 150 ml water was added, and the mixture was cooled to 5 °C for 3 h. 
After filtering and washing with 100 ml ethanol, the solid was dissolved in 500 ml 
CH2Cl2, washed with water (2*300 ml) and 100 ml saturated aqueous NaCl and dried 
over Na2SO4. The material obtained was denoted Jacobsen´s ligand. Subsequently, 
0.27 mol Mn(CH3CO2)2.4H2O was refluxed in 600 ml ethanol, after which a solution of 
0.091 mol Jacobsen´s ligand dissolved in 250 ml toluene was added over 45 min. 
The funnel was rinsed with 50 ml toluene and the mixture was refluxed for 2 h, 
followed by bubbling air through the reaction mixture for 1 h (20 ml/min). After 
addition of 100 ml of a saturated NaCl solution, the mixture was cooled to room 
temperature and rinsed with 200 ml toluene. The organic phase was washed with 
water (3*500ml), saturated aqueous NaCl (500 ml) and dried over Na2SO4. Solvent 
removal in vacuo yielded a brown solid, which was denoted Jacobsen´s catalyst. 
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5.2.2 Modification of zeolites Na-X and Na-Y [212] 
 
Typically, 10 g of zeolite Na-X or Na-Y were dried in a deep bed at 723 K for 12 h 
under a steady flow of dry nitrogen (3 l/h) in a horizontal tubular quartz reactor (3 cm 
I.D.). Subsequently, the nitrogen was saturated with SiCl4 at room temperature, and 
passed through the zeolite sample at 523 K for 1 h. The SiCl4-treatment was then 
stopped and the reactor was purged with nitrogen to remove residual silicon 
tetrachloride while the sample was allowed to cool down to room temperature. The 
obtained material was ion exchanged three times with NH4+ salts (10 ml/g) at 353 K 
for 24 h to replace sodium with ammonium. For the first ion-exchange a 10 M 
NH4CO2CH3/ 2 M NH4Cl solution was used. The second and the third ion exchanges 
were done using a 2 M NH4Cl solution. After washing and drying, the zeolite was 
then treated in the same horizontal tubular quartz reactor with water vapor (nitrogen 
flow saturated with water at 353 K) at 873 K (heating rate: 10 K/min) for 3 h. After 
cooling to room temperature the zeolite sample was ion exchanged with a 2 M 
(NH4)Cl solution and treated with water vapor at 1123 K (heating rate: 10 K/min) for 3 
h. Some of the extra framework aluminium was removed by treatment with aqueous 
hydrochloric acid at pH 2.7 for 72 h at room temperature. Subsequently, the zeolite 
was washed with sufficient H2O and finally calcined at 823 K. The obtained materials 
were denoted JCX and JCY, respectively. 
 
5.2.3 Immobilization of Jacobsen’s catalyst into the generated mesopore of zeolites X 
and Y 
 
5.2.3.1 According to the method described by Hölderich et al. [213] (method 1) 
 
JCX and JCY were ion exchanged with a solution of Mn(CH3CO2)2.4 H2O (0.1 M, 10 
ml/g) at 353 K for 24 h. The ion-exchanged materials were dried under vacuum at 
433 K and cooling to room temperature under an argon atmosphere. Subsequently, 
the ligand was synthesized at room temperature under an inert atmosphere by the 
addition of a with Mn stoichiometric amount of (1R,2R)-(+)-1,2-diaminocyclohexane 
L-tartrate dissolved in CH2Cl2. After stirring for 24 h, the appropriate amount of 
salysaldehyde (3,5-di-tert-butyl-2-hydroxybenzaldehyde) was added, after which 
stirring was continued for another 24 h. The solvent was removed and the recovered 
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solid was dried for 12 h at 413 K under vacuum. Finally, to remove surface adsorbed 
species the obtained solid was soxhlet-extracted with CH2Cl2 (353 K, 24 h) and 
toluene (433 k, 24 h), respectively. The extraction steps were repeated until FT-IR 
analysis of the washing solution no longer showed bands attributable to the ligand or 
the organometallic complex. The materials obtained were denoted JCXSB1 and 
JCYSB1. 
 
5.2.3.2 According to the method described by Corma et al. [134] (method 2) 
 
After JCX and JCY were ion-exchanged with Mn, dried under vacuum at  433 K for 
12 h and left to cool to room temperature under argon, salicylaldehyde dissolved in 
CH2Cl2 was added. The thus obtained slurry was stirred and refluxed (353 K) for 12 
h. Subsequently, the active amine was added using the same conditions as for the 
salicylaldehyde. The inert atmosphere was replaced with air in order to oxidise Mn+2 
to Mn+3. The obtained solid was treated similarly as described in the previous 
method, and the materials were denoted JCXSB2 and JCYSB2. 
 
5.2.3.3 According to the method described by Bein et al. [135] (method 3) 
 
In contrast to the previous methods, the heterogenization process started with the 
ligand synthesis. First, the active amine, dissolved in tetrahydrofuran, was added to 
the support, after which the obtained slurry was refluxed at 353 K for 12 h under 
argon. Next, salicylaldehyde was added under the same conditions as for the active 
amine. Subsequently, the appropriate amount of the manganese source was added, 
and the inert atmosphere was replaced by flowing air to the oxidize Mn+2 to Mn+3. 
The obtained brownish slurry was refluxed at 80 K for 15 h, after which the 
appropriate amount of LiCl (Cl- source as counter ion for the Jacobsen cation) was 
added to the slurry, which was refluxed at 353 K for 24 h. Finally, the obtained solid 
was treated similarly as in the previous methods; the materials were denoted 
JCXSB3 and JCYSB3. 
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5.2.4 Synthesis of Al-MCM-41 [270] 
 
42 g tetraethyl ammonium hydroxyde (TEAOH, 40 %wt) and 0.84 g sodium aluminate 
(NaAlO2) were dissolved in 122.4 g H2O and stirred for 1 h. Then, 40 g tetradecyl 
trimethyl ammonium bromide(TDTMABr) were added; the resulting mixture was 
stirred for 4 h. Subsequently, 60.92 g Ludox-HS were added dropwise over 1 h, 
followed by vigorous stirring for 4 h. The gel had following composition: 
 
1.0 NaAlO2 : 40 SiO2 : 11.6 TDTMABr : 28 TEAOH : 800 H2O 
 
The gel was autoclaved in a teflon-lined static autoclave at autogeneous pressure at 
110 °C for 7 days. During the crystallization the pH of the gel was maintained at 10.5 
using aqueous acetic acid (10% wt). After filtering and washing the solid was calcined 
first  in flowing nitrogen (100 mL/min) and then in flowing air (100 ml/min). In both 
cases the temperature program was: 
 
1.  Heat from room temperature to 413 K with 1 °C/min 
2.  Isothermal temperature at 413 K for 3 h 
3.  Heat from 413 K to 813 K with 1 °C/min 
4.  Isothermal temperature at 540 °C for 3 h 
5.  Cool down  
 
5.2.5 Synthesis of Si-MCM-41 [226] 
 
3.6 g, 25% solution ammonium hydroxide was diluted with 25.0 g water and added to 
9.6 g TDTMABr while stirring. To this mixture, 4.08 g of tetraethyl ammonium 
hydroxide (TMAOH) dissolved in 25 g water was added, followed by the addition of 
27.2 g of tetramethyl ammonium silicate. The mixture was stirred for 20 min. Fumed 
silica (6.2 g) was added slowly while stirring, which was continued for 1 h. The pH of 
the final gel was maintained at 10.5 using aqueous acetic acid (10% wt). The molar 
composition of the synthesis gel: 
 
1.0 SiO2 : 0.0086 (NH4)2 : 0.089 (TDTMA)2 : 0.155 (TMA)2 : 40 H2O   
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The gel was then transferred to a stainless steel autoclave and heated to 383 K for 5 
days. The obtained solid was filtered, dried and calcined using the same temperature 
program as Al-MCM-41.  
 
5.2.6 Immobilization of Jacobsen’s catalyst in Al-MCM-41  
 
5.2.6.1 Immobilization by ion exchange [256] (method 4) 
 
A method similar to the one reported by Hutchings et al. [29] was used. In a typical 
procedure 3 g of calcined and dry Al-MCM-41 was stirred in a manganese (II) acetate 
tetrahydrate (Mn(CH3CO2)2.4H2O) aqueous solution (100 ml, 0.2 M) for 24 h at room 
temperature. The material was then filtered, washed, dried and then stirred again in a 
fresh Mn(CH3CO2)2.4H2O solution for a further 24 h. This process was repeated 
twice. Subsequently the exchanged material was calcined at 823 K for 6 h. The 
obtained material was denoted Mn-Al-MCM-41. Dry Mn-Al-MCM-41 was treated with 
0.82 g (R,R)-(–)-N,N’-bis(3,5-di-tert-butylsalicylidene)cyclohexane-1,2-diamine 
(Jacobsen’s salen) in 20 ml dry refluxing CH2Cl2 under argon atmosphere for 24 h. 
After that, the inert atmosphere was replaced by an air flow and stirring was 
continued for a further 6 h. The mixture was cooled to room temperature and then the 
solvent was removed by reduced pressure at room temperature. The obtained solid 
was Soxhlet extracted using CH2Cl2 at 343 K the washing solvent remained 
colourless. The obtained material was denoted MCM1HC. 
 
5.2.7 Immobilization of Jacobsen’s catalyst in Si-MCM-41 
 
5.2.7.1 Immobilization by coordination bond between manganese and nitrogen atom 
anchored previously on amino propyl-functionalized Si-MCM-41 (method 5) 
 
A similar method reported by García et al. [274] was used. First, Si-MCM-41 is 
functionalized using 3-aminopropyltriethoxysilane (3-APTES). In a typical procedure, 
5 g of calcined and dry Si-MCM-41 were added to a solution containing 1.84 g of 3-
APTES dissolved in 15.33 g of dry toluene. The resulting suspension was stirred at 
reflux temperature under argon for 24 h. The modified Si-MCM-41 was recovered by 
filtration and Soxhlet extracted with CH2Cl2 for 24 h. After that, the obtained solid was 
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dried at 318 K under vacuum prior to the next step. This process was performed 
using (SiO2/APTES) = 1 and (toluene/SiO2) = 2 molar ratios, which produces a 
nitrogen load equal to 2.0 mmol / g [274]. The obtained material was denoted NH2-Si-
MCM-41.  
 
On the other hand, 5.30 (R,R)-(−)-N,N'-bis(3,5-di-tert-butylsalicylidene)-1,2-
cyclohexanediamine manganese(III) chloride (Jacobsen’s catalyst) was treated with 
1.73 g of silver perchlorate (AgClO4) in 25 ml of dry CH3CN at room temperature for 
16 h. After filtration through Celite and washing with dry CH3CN, the filtrate was 
concentrated by reduced pressure. Dry CH2Cl2 and NH2-Si-MCM-41 were added and 
the obtained suspension was stirred at room temperature under argon for 24 h. The 
obtained solid was washed in a Soxhlet extraction apparatus using CH2Cl2 at 413 K 
until the washing solvent retained colourless. The obtained material was denoted 
MCM2HC 
 
5.2.7.2 Immobilization by chemical attachment of the salen ligand on amino propyl-
functionalized Si-MCM-41  (method 6) 
 
In this case, Jacobsen’s catalyst was prepared and modified during the 
immobilization process using a method similar to that reported by Kim et al. [252]. In 
a typical procedure, 3 g of the support were reacted with 0.30 g of 2,6-diformyl-4-tert-
butylphenol [278] and 0.38 g of (1R, 2R)-(+)-1,2-diaminocyclohexane in refluxing dry 
ethanol for 14 h under argon. After cooling, the obtained solid was collected by 
filtration and washed with CH2Cl2 and methanol, followed by drying under vacuum. 
The obtained solid (NH2-MCM-41(1)) was treated with 0.34 g of 2,4-di-tert-butyl 
salicylaldehyde in refluxing dry ethanol for 18 h under argon. The solid (NH2-MCM-
41(2)) recovered in the previous step was treated with 0.36 g of Mn(CH3CO2)2●4H2O 
and 0.062 g of LiCl in ethanol at 343 K  in the presence of air for 4 h. The obtained 
solid was exposed to vacuum and washed in a Soxhlet extraction apparatus using 
CH2Cl2 at 343 K until the washing solvent remained colourless. The obtained material 
was denoted MCM3HC. 
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5.2.8 Preparation of cis-ethyl cinnamate [103] 
 
62 mmol ethyl phenylpropiolate was dissolved in 540 ml of a 7/2 hexane/hexene 
mixture under dry argon. Subsequently, 86 mmol quinoline and 3.6 g Lindlar´s 
catalyst (5% Pd) were added, after which 1 atm of hydrogen was added. After 
completion of the reaction the mixture was filtered through a celite pad. The filtrate 
was washed with a 10% acetic acid solution (4*500 ml), water (3*500 ml) and a 
saturated NaHCO3 solution (4*500 ml) and dried over Na2SO4. The solvent was 
removed under reduced pressure. The residue was determined to be a mixture of 
92% cis-ethyl cinnamate (85 % yield), 5 % over-reduced ethyl phenylpropiolate and 
3% trans-ethyl cinnamate by GC. 
 
5.2.9 Preparation of the chiral epoxides used as references samples 
 
To evaluate the enantiomeric excess of the chiral epoxides derived from cis-ethyl 
cinnamate, a commercial sample of its racemic epoxide (3-ethyl phenylglycidate, 
cis/trans = 10/90) was used. For the case of styrene and 1,2-dihydronaphthalene, 
their chiral epoxides were prepared by reaction with m-CPBA in CH2Cl2 (substrate/ 
m-CPBA = 1/1, 4 ml CH2Cl2) at room temperature for 30 min. (R)-styrene oxide was 
obtained using (R,R)-Jacobsen’ catalyst, (S)-styrene oxide using (S,S)-Jacobsen’ 
catalyst. (1S,2R)-1,2-dihydronaphthalene oxide was obtained using (R,R)-Jacobsen’ 
catalyst and (1R,2S)-1,2-dihydronaphthalene oxide using (S,S)-Jacobsen’ catalyst.  
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Table 15. List and nomenclature of the materials 
Material Description  
 Homogeneous catalyst 
Jacobsen’s 
catalyst 
(R,R)-(−)-N,N'-bis(3,5-di-tert-butylsalicylidene)-1,2-
cyclohexanediamine manganese(III) chloride [54] 
 Carrier material 
JCY Modified zeolite Y by dealumination processes according to the 
method reported by Schuster et al. [212] (commercially available 
zeolite NaY as parent material) 
JCX Modified zeolite X by dealumination processes according to the 
method reported by Schuster et al. [212] (commercially available 
zeolite NaX as parent material) 
Al-MCM-41 Obtained material according to the method reported by Kresge et 
al. [270] 
Si-MCM-41 Obtained material according to the method reported by Beck et al.  
[226]  
 Immobilized homogeneous catalyst 
JCYSB1 Obtained material on JCY according to the method reported by 
Hölderich et al. [213] (method 1) 
JCYSB2 Obtained material on JCY according to the method reported by 
Corma et al. [134] (method 2) 
JCYSB3 Obtained material on JCY according to the method reported by 
Bein et al. [135] (method 3) 
JCXSB1 Obtained material on JCX according to the method reported by 
Hölderich et al. [213] (method 1) 
JCXSB2 Obtained material on JCX according to the method reported by 
Corma et al. [134] (method 2) 
JCXSB3 Obtained material on JCX according to the method reported by 
Bein et al. [135] (method 3) 
MCM1HC Obtained material in Al-MCM-41 according to the method 
reported by Hutchings et al [256] (method 4) 
Obtained material in Al-MCM-41 according to the method 
reported by García et al [274] (method 5) 
MCM3HC Obtained material in Al-MCM-41 according to the method 
reported by Kim et al. [252] (method 6) 
MCM2HC 
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5.4 Characterization 
  
5.4.1 XRD 
 
X-ray powder diffractograms were collected on a Siemens D-5000, equipped with a 
secondary monochromator, a variable diaphragm V 20 and a Nickel filter with CuKα 
radiation.  
 
5.4.2 Sorption of N2  
 
Physisorption of N2 at 77 K was carried out on a volumetric apparatus (Asap 2010 
Micromeritics) in a static mode. The carrier samples were evacuated prior to 
measurement at 673 K and 10-2 Pa for 12 h, whereas the heterogenized catalysts 
were treated at 373 K. The microporosity has been calculated according to the 
method of Dubinin [272] and compared with the uptake at p/p0= 0.05. Mesoporosity 
was computed according to the method of Barrett, Joyner and Halenda (BJH) [273] 
and compared to the difference between the total uptake and microporous volume.  
 
5.4.3 Elemental analysis 
 
Elemental composition was determined by ICP-AES (Spectroflame D, Spectro). In a 
typical procedure, 30 mg sample was dissolved in 500 µl HF (40 %), 1 ml H2SO4 and 
49 ml deionized. 
 
5.4.4 Thermogravimetric analysis 
 
Measurements were performed on a Netzsch 209/2/E equipped with a STA 409 
Controller. The heating rate was 2 K/min, using Al2O3-crucibles with α-Al2O3 as 
reference material.  
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5.4.5 UV-Vis 
 
The spectra were collected on a Lambda 7 (Perkin Elmer). The samples were diluted 
with BaSO4, which was also used as the standard. The recording speed was 60 
nm/min, the date interval 1.0 nm and the slit width 4.0 nm. 
 
5.4.6 FT-IR 
 
FT-IR was done on a Nicolet Protégé 460 at room temperature using KBr techniques 
for the homogeneous catalyst, whereas the heterogeneous catalysts were prepared 
as self-supporting wafers. 
 
5.5 Catalytic test reactions 
 
5.5.1 NaOCl/4-PPNO as oxidation system 
 
0.5 mmol of cis-ethyl cinnamate and 0.15 mmol 4-phenylpyridine N-oxide (4-PPNO) 
were dissolved in 4.0 ml CH2Cl2. Afterwards, the catalyst (0.05 mmol soluble or 300 
mg insoluble catalyst) was added. The solution was kept at the temperature indicated 
in the Tables 9 and 10 . Afterwards, 2.7 mmol of NaOCl (4.7 ml, 0.55 M in Na2HPO4, 
pH = 10.3) was added while stirring. The reaction was stopped after 12 h. The 
heterogeneous catalyst was separated by filtration; the liquid was removed via 
distillation under vacuum (378 K and 10-4 mbar) for the homogeneous reaction. In 
both cases, the liquid mixture without catalyst was extracted with methyl-tert-butyl-
ether (MTBE) and the aqueous phase was discarded. The organic phase was dried 
over sodium sulphate (Na2SO4) and analyzed by chiral GC on a γ-chiraldex column. 
The recovered heterogeneous catalyst was washed with CH2Cl2 in a Soxhlet 
extraction 343 K for 24 h and dried at room temperature prior to reuse. The 
recovered un-immobilized catalyst was dissolved in CH2Cl2 and washed with H2O. 
Subsequently, the solvent was removed under vacuum and the catalyst was re-
dissolved in CH2Cl2 (4 ml) prior to reuse. 
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5.5.2 m-CPBA/NMO as oxidation system 
 
0.5 mmol cis-ethyl cinnamate, 0.05 mmol soluble or 300 mg insoluble catalyst and 3 
mmol 4-methylmorpholine N-oxide (NMO) were dissolved in 4.0 ml dry CH2Cl2. The 
obtained mixture was stirred at the temperature as indicated in the Table 11, after 
which 2.0 mmol m-chloroperbenbezoic acid (m-CPBA) was added in 4 portions for 4 
minutes. After 2 h reaction time, the catalysts were isolated as in the previous 
method. In this case, the liquid mixture containing one organic phase was treated the 
same way as in the previous method and its content analysed by chiral GC on a γ-
chiraldex column. Also, the recovered catalysts were treated as in the previous 
method before reuse. 
 
5.5.3 in situ generated DMD as oxidation system 
 
In a typical procedure, 4 ml acetone was added to a mixture of 0.25 mmol of the 
olefin, 0.075 mmol 4-PPNO, 1.2 mmol NaHCO3 and 0.06 mmol soluble or 300 mg 
insoluble catalyst. Next, a solution of 0.25 mmol Oxone (2KHSO5•1KHSO4•1K2SO4) 
in 4 ml water was added slowly under continuous stirring and with pH control in the 
range 7.0-8.0 using aqueous NaHCO3 (5 %wt, pH = 8.0) as buffer solution. 
Generally, the addition of the oxygen source took place between 20 and 40 minutes. 
Subsequently, the reaction was stopped and the catalyst was isolated by filtration. 
Both the solid and the liquid mixture were retained for further use. An aliquot of the 
liquid mixture was taken for Mn analysis by ICP-AES. The liquid mixture was 
extracted with ethyl acetate (CH3CO2C2H5) and the aqueous phase was separated. 
The content of the organic phase was analyzed with GC on a γ-chiraldex column. 
The recovered catalyst was washed with sufficient H2O for 24 h to remove inorganic 
salts resulting from Oxone® (KHSO4 and K2SO4) and the buffer solution (NaHCO3). 
Afterwards, the catalyst was washed with CH2Cl2 in a Soxhlet extraction apparatus at 
323 K for 24 h and dried at room temperature prior to reuse. 
 
For the unimmobilized catalyst, the precipitated mixture which contains the catalyst 
was recovered by filtration. Both the solid and liquid mixture were used for further 
treatments. The liquid mixture was extracted with ethyl acetate (4 ml) and then the 
organic layer was analyzed by GC on a γ-chiraldex column. The precipited mixture 
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was washed with sufficient H2O (500 ml) to dissolve the inorganic salts. The brown 
solid (recovered catalyst) was separated by filtration, dried at 373 K and then 
dissolved in 4 ml of acetone prior to first reuse.   
 
5.6 Calculation of catalytic activity and enantioselectivities 
 
5.6.1 GC-Analysis 
 
5.6.1.1 Partial hydrogenation of ethyl phenylpropiolate 
 
Device: Siemen RGC 202 
Column: FS-SE54, 60 m CS 25288-6 
Temperature program: 318 K, 8 K/min, 543 K, 20 min isothermal 
Sample volume: 0.2 µL 
Carrier gas: He 
Detector type: FID 
Detector temperature: 573 K 
Detector gas: H2/air (40/450 mL/min) 
Injector temperature: 573 K 
Pressure: 1 bar 
 
5.6.1.2 Asymmetric epoxidation of cis-ethyl cinnamate 
Device: HP6890 Series 
Column: FS-Chirasil-Dex 25 m х 0.25 mm 
Temperature program: 393 K isothermal   
Sample volume: 0.2 -1.0 µ L 
Carrier gas: Helium  
Detector type: FID 
Detector temperature: 573 K 
Detector gas: H2/air (40/450 mL/min) 
Injector temperature: 573 K 
Pressure: 0.5 bar  
Total flow: 17.1 mL/min 
Split ratio: 1/30 
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5.6.1.3 Asymmetric epoxidation of styrene 
Device: HP6890 series 
Column: Varian Chrompack Chirasil-Dex CB 25 mm х 0.25 mm 
Temperature program: 383 K (10 min iso),-433 K (10 min iso)- 10 K/min 
Sample volume: 1µL 
Carrier gas: Helium 
Detector type: FID 
Detector temperature: 553 K 
Detector gas: H2/air (40/450 mL/min) 
Injector temperature: 523 K 
Pressure: 1.5 bar 
Total flow: 87.1 mL/min 
Split ratio: 60/1 
 
5.6.1.4 Asymmetric epoxidation of 1,2-dihydronaphthalene 
Device: Siemens RGC 202 
Column: Varian Chrompack Chirasil-Dex CB 25 mm х 0.25 mm 
Temperature program: 383 K (10 min iso)-433 K (10 min iso)-463 K, 10 K/min 
Sample volume: 0.1-0.3 µL 
Carrier gas: Helium 
Detector type: FID 
Detector temperature: 523 K 
Detector gas: H2/air (40/450 mL/min) 
Injector temperature: 523 K 
Pressure: 1.0 bar 
Total flow: 72.9 mL/min 
Split ratio: 60/1 
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5.6.2 Calculation of conversions, selectivities and enantiomeric excesses 
 
Conversion, total selectivity to epoxides, cis/trans epoxide ratio and enantiomeric 
excesses were calculated using the GC areas analysis in the following equations: 
 
Conversion =  
( )
( ) %100×∑
∑
As
Ap
 
 
Total selectivity to epoxides = 
( )
%100×∑
Ap
Aepoxide
 
 
cis/trans epoxide ratio = ( )( )epoxideAtrans
epoxideAcis
−
−  
 
Enantiomeric excess for cis-epoxide (ee)cis = 
( )
( ) %100,,
,, ×+
−
SSRR
SSRR
AA
AA
 
 
Enantiomeric excess for trans-epoxide (ee)trans = 
( )
( ) %100,,
,, ×+
−
RSSR
RSSR
AA
AA
 
 
With 
 
Ap :                         Product area  
As :                          Substrate area 
Aepoxides :              Total epoxide area (cis + trans) 
epoxideAcis − :        Total cis-epoxide area (racemic mixture) 
epoxideAtrans −  :    Total trans-epoxide area (racemic mixture) 
JIA , :                         Enantiomerically pure epoxide area of optical configuration I,J  
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    Spanisch -  Muttersprache 
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